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Preface 


The  field  of  magnetic  ultrathin  films  continues  to  be  an  exciting  and  n^idly 
expanding  one,  as  demonstrated  by  recent  advances  in  novel  materials,  multilayer 
structuies  and  the  observation  of  new  phenomena.  This  expanding  activity  is  reflected 
in  the  organization  of  two  symposia  for  the  1993  MRS  Spring  Meeting  which 
emphasized  different  aspects  of  magnetic  behavior  in  thin  film  systems.  Symposium  Ql 
focused  on  magneto-transport,  sut&ce  magnetism  and  optical  phenomena,  with  giant 
magnetoresistance  (GMR)  and  enhanced  Kerr  effects  among  the  central  themes  of 
several  sessions.  The  symposium  included  joint  sessions  with  related  symposia,  topical 
sessions,  a  special  evemng  session  on  GMR  in  heterogeneous  alloys,  and  two  large  and 
very  interactive  poster  sessions.  Symposium  Q2  emphasized  new  characterization 
techniques  and  film  structure,  with  invited  and  contented  talks  on  spin-resolved 
spectroscopies  and  the  application  of  synchrotron  radiation  techniques  such  as  magnetic 
circular  dichroism  to  magnetic  materials.  These  symposia  brought  together 
representatives  of  leading  groups  from  Europe,  Japan  ai^  the  U.S.A.  The  list  of 
sponsors  reflects  this  intemation^  flavor,  as  well  as  the  industrial  interest  in  this  rapidly 
developing  arena  in  which  materials  research  plays  such  a  key  role. 

Although  the  two  symposia  were  organized  independently,  the  co-chairs  elected  to 
publish  a  joint  proceedings  to  present  a  more  cohesive  and  comprehensive  summary  of 
this  broad  and  active  field  of  research.  The  co-chairs  of  the  two  symposia  were: 

Symposium  Ql;  C.  Chappert,  R.  Clarke,  W.J.M.  de  longe,  R.F.C.  Farrow, 
P.  Grunberg,  B.T.  Jonker,  K.M.  Kirshnan,  and  S.  Tsunashima. 

Symposium  Q2;  S.A.  Chambers,  T.  Egami,  E.E.  Marinero,  and  C.  Rau. 

All  of  the  manuscripts  were  subject  to  die  usual  peer  review  process.  The 
organization  of  this  volume  generally  reflects  the  individual  sessions  of  the  symposia. 
Section  A  contains  most  of  the  papers  presented  in  Symposium  Ql,  while  Section  B 
contains  the  papers  presented  in  Symposium  Q2  together  with  the  papers  from  session 
Ql-11,  which  emphasized  the  close  relationships  between  film  structure  and  ’-.lagnetic 
properties. 


B. T.  Jonker 
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R.F.C.  Farrow 
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OSCILLATIONS  IN  EXCHANCE  COUPLING 
IN  Co/Cu  MULTILAYERS  GROWN  BY  MBE 

D.  GREIG,  M  J.  HALL,  M.A.  HOWSON,  B.J.  HICKEY.  M.J.  WALKER  AND  J.  XU 
Department  of  Physics,  University  of  Leeds,  Leeds  LS2  9JT.  U.K. 

ABSTRACT 

We  have  observed  oscillations  with  non-magnetic  spacer  layer  thickness  in  the  saturation 
fields  and  characteristic  exchange  fields  of  Co/Cu  multilayers  grown  by  MBE.  The 
specimens  consisted  of  a  set  of  samples  in  which  the  thickness  of  copper  layers  took  a 
series  of  values  between  5 A  and  20A,  while  the  cobalt  layer  thickness  was  set  at  IsA 
throughout.  The  multilayers  were  grown  epitaxially  on  GaAs  (1 10)  with  Ge.  Co  (1 10)  and 
Au  in  the  buffer  region,  resulting  in  Co/Cu  bilayers  in  the  (111)  orientation.  Although 
oscillations  were  observed  in  these  magnetic  measurements,  no  oscillations  were  observed 
in  the  magnetoresistance  itself  These  observation .  are  somewhat  at  txlds  with  similar 
measurements  made  on  samples  prepared  by  sputtering.  We  conclude  with  a  discussion 
involving  exchange  coupling,  in-plane  anisotropy  and  defects  in  the  magnetic  structure  in 
an  attempt  to  account  for  these  conflicting  results. 

INTRODUCTION 

Two  years  ago  the  equivalent  .Spring  Meeting  was  one  of  the  first  conferences  to  devote 
entire  sessions  to  discussions  of  the  Giant  Magnetotesistance  (GMR)  and  at  this  meeting 
we  review  the  situation  two  years  and  several  conferences  on.  It  is  now  generally  accepted 
that  some  of  the  largest  fractional  changes  of  resistance  with  magnetic  field  are  seen  in 
Co/Cu  multilayers  and  that  this  magnitude  oscillates  with  spacer  layer  tliickness. 
Nevertheless  one  curious  feature  remains.  That  is  that  the  greatest  values  of  the  GMR  are 
found  in  specimens  produced  by  sputtering. 

For  samples  produced  by  the  more  controlled  technique  of  MBE  the  values  of  GMR  arc 
always  smaller;  indeed  two  years  ago  the  values  were  extremely  small  at  the  1  %  level  but 
the  situation  has  changed  significantly  since  then  and  that  is  the  basis  of  this  presentation. 
By  making  a  small  change  in  the  growth  technique  we  were  able  to  obtain  an  order  of 
magnitude  increase  in  the  value  of  the  GMR.  In  this  paper  we  present  some  detailed 
infonnation  about  the  'quality'  of  specimens  produced  in  this  way  and  a  survey  of  possible 
factors  that  influence  the  value  of  the  GMR  and  the  evidence  for  oscillatory  coupling. 

SPECIMEN  PREPARATION 

Co/Cu  multilayers  have  been  grown  in  many  laboratories  on  a  wide  variety  of  substrates 
including  single  crystal  Cu(lOO)  and  (111),  MgO(llO),  Al,O,(1120)  and  (0001),  Si(lOO), 
GaAs(lOO)  and  (110)  and,  of  course,  glas.s.  At  Leeds  we  have  followed  the  route 
developed  by  the  University  of  Michigan  [I]  growing  on  GaAs(llO).  The  process  is 
started  by  lieating  the  substrates  to  about  600'’C  until  a  RHEED  pattern  indicates  a  surface 
reconstruction  characteristic  of  GaAs(llO).  Tlie  quality  of  the  RHEED  pattern  is  greatly 
improved  by  depositing  a  .iCOA  layer  of  Ge  at  500°C.  and  this  is  followed  by  a  single  layer 
of  bcc  (1 10)  Co  which  has  been  found  es.sential  to  seed  epitaxy.  Tliis  is  grown  on  the  Ge  at 
a  much  lower  temperature  of  about  150°C.  From  that  point  onwards  a  Co/Cu  superlattice 
can  be  grown  in  the  (111)  orientation,  but  the  special  'trick'  that  we  developed  was  to  use 
lOA  of  gold  as  the  final  layer  in  the  buffer  region.  Cobalt  and  gold  do  not  mix  and  it  was 
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known  from  the  work  described  in  reference  (11  that  once  the  correct  buffer  region  had 
been  developed  it  was  relatively  easy  to  grown  Co/Au  superlattices  with  extremely  sharp 
interfaces.  As  described  in  our  first  publications  12,31  the  addition  of  this  gold  layer 
produced  RHEEO  and  XRD  patterns  characteristic  of  flat  surfaces,  and.  at  the  saine  time, 
resulted  in  an  order  of  magnitude  increase  in  the  magnitude  of  the  GMR. 

In  figure  1  we  show  a  recent  low-angle  X-ray  scan  of  a  Co(15A)/Cu(24A)  superlattice 
grown  at  100‘’C  with  the  substrate  rotating  at  60  revolutions  per  minute.  The  high 
frequency  oscillations  are  interference  fringes  arising  from  scattering  between  the  gold  layer 
on  top  of  the  buffer  region  and  a  gold  capping  layer  added  to  prevent  conuimination  of  the 
specimen.  The  clarity  of  these  fringes  together  with  the  existence  of  more  than  one  Bragg 
peak  is  an  indication  that  the  layers  are  reasonably  flat.  It  is  generally  difficult  to  see  more 
than  one  Bragg  peak  in  Co/Cu  multilayers  as  the  fonn  factors  of  Co  and  Cu  are  very  similar 
leading  to  a  lack  of  X-ray  contrast. 


Fig.  1:  Low  angle 
diffraction  profile  of 
a  (Co(I5)/Cu(24)) 
multilayer  grown  on 
GaAsd  10)/Ge/Au. 
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The  evidence  for  (1 1 1)  growth  is  set  out  in  detail  in  our  earlier  publications  |2,4|. 

There  are  two  points: 

(a)  There  are  X-ray  'texture'  scans  in  which  the  X-ray  source  and  detector  are  .set  at  fixed 
angles  and  the  specimen  rotated  about  two  perpendicular  axes.  The  results  show  clearly 
the  existence  of  (1 1 1)  reflections  at  all  the  correct  angles  and  a  complete  absence  of  growth 
in  the  (100)  orientation. 

(b)  Likewise  the  RHEED  patterns  observed  during  growth  show  clearly  the  streaky 
appearance  that  is  the  signature  of  a  flat  surface  and  show  the  6-fold  rotational  symmetry 
that  is  a  characteristic  of  the  clo.se-packed  atomic  arrangement  in  (III)  growth.  The 
surface  of  a  (1 1 1)  plane  can  be  represented  by  a  2-dimensional  hexagonal  net  where  a,  the 
lattice  constant  of  the  net  is  related  to  the  separation,  d^,  of  the  rows  (hk)  by. 

d»-  =  (3/4)aV(h^  -i-  k^  +  hk). 

As  in  any  diffraction  experiment  the  separation  of  the  lines  or  spots  in  the  pattern  is 
inversely  proportional  to  the  separation  of  the  diffracting  elements,  and  here  again  we  find 


5 


excellent  agreement  between  the  !>eparation$  of  the  RHEED  streaks  in  two  different 
orientations  and  the  expected  ratios  of  the  dss  given  by  the  above  expression. 

All  these  diffraction  experiments  lead  us  to  conclude  that  the  superlaftices  grown  in  this 
way  are  of  high  quality.  However  on  examining  an  area  of  the  gold  film  in  the  buffer 
region  by  STM,  the  picture  looks  much  less  satisfactory.  Although  there  are  large  flat 
areas  present  -  and  hence  the  high  quality  diffraction  effects  -  there  are  also  pronounced 
wells  penetrating  the  completed  thickness  of  the  thin  gold  layer.  As  these  wells  will 
certainly  extend  into  any  superlattice  grown  on  top  of  the  gold  it  is  clear  that  these  could 
have  a  serious  effect  on  the  magnetic  and  transport  properties  of  the  multilayers,  and  could 
be  another  form  of  the  pinholes'  that  had  been  cited  earlier  as  the  reason  for  the  very  low 
values  of  GMR  in  samples  produced  by  MBE.  We  shall  see  in  what  follows  that  well 
defined  multilayers  are  essential  to  obtain  the  magnetic  structure  required  to  obtain  a  GMR. 

THE  GIANT  MA(;NET0RES1STANCE 


Co/Cu  multilayers  fonn  one  of  the  archetypal  systems  that  exhibit  a  GMR.  Compared  to 
the  magnetoresistance  effects  seen  at  very  low  temperatures  in  crystals  of  pure  meuils  the 
effect  is  actually  relatively  small,  but  the  word  'giant'  refers  to  the  unusually  large  decrease 
in  resistance  observed  at  room  temperature.  As  menlioneil  above  ihe  largest  change  to 
date  is  a  fractional  change  of  about  65%  at  290K  rising  to  over  100%  at  4.2K  15).  In  a 
recent  paper  on  the  effect  of  magnetic  defects  on  the  GMR  Highmore  et  al.  |6|  have  argued 
that  65%  at  room  tetnperature  is  likely  to  be  about  the  tnaximum  value  of  the  GMR  in 
Co/Cu  multilayers,  but  that  is  not  a  universal  figure  for  all  systems.  As  regards  specimens 
prepared  by  MBE  the  tnaximum  values  that  we  have  obtained  in  samples  prepared  as 
outlined  above  has  been  about  50%  tneasured  at  4.2K.  A  further  significant  increase  in 
magnitude  for  MBE  grown  samples  has  recently  been  reported  by  Kobayashi  et  al.  17]  who 
have  observed  values  again  of  order  80%  at  4.2K  for  Co/Cu  tnultilayers  grown  on  sapphire 
(0001).  It  is  now  universally  agreed  that  the  GMR  is  a  consequence  of  the  onlering  of 
misaligned  spitts,  which,  in  the  case  of  we!l-fonned  multilayers,  implies  a  change  from 
antiferromagnetic  (AFM)  to  ferromagnetic  (FM)  coupling  between  adjacent  magnetic 
layers  on  application  of  a  magnetic  field.  However,  within  this  model  there  are  two 
iittponant  issues  that  require  comment. 


Although  oscillations  in  the  magnitude  of  the  GMR  as  a  function  of  spacer  layer  thickness 
are  seen  quite  clearly  in  specimens  prepared  by  sputtering  (5.8.9|.  there  has  been  a 
complete  lack  of  similar  evidence  in  Co/Cu  multilayers  prepared  by  MBE  However,  very 
recently  one  of  the  Orsay  groups  11()|  have  finally  seen  oscillations  with  a  periixl  of 
between  8A  and  KIA  in  Co/Cu/Co  trilayers  grown  by  evaporation  in  UHV  --  o.scillations 
that  are  in  accordance  with  the  predictions  of  RKKY  theory  for  interlayer  coupling  across 
Cud  1 1).  We  shall  return  to  the  question  of  the  illusive  nature  of  these  oscillations  after 
discussing  tnagnetisation. 


Magnetoresistance  is  a  transport  property  so  that  in  atkiition  to  the  strength  of  the 
magnetic  coupling  we  must  also  consider  the  role  of  electron  .scattering  anti  the  relative 
importance  of  effects  within  the  layers  anti  at  the  interfaces.  It  is  certainly  easy  to  show 
that  the  magnitutle  of  the  GMR  accompanying  the  change  frotn  AFM  to  FM  coupling 
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depends  on  the  scattering  probability  of  spin-up  and  spin-down  electrons,  but  whether  this 
takes  place  primarily  in  the  layers  or  at  the  interfaces  is  altogether  more  subde.  In  two 
recent  papers  [3,41  we  have  described  the  effect  of  annealing  on  the  magnitude  of  the  GMR 
and  have  analysed  the  results  in  terms  of  two  parameters.  p„  and  p  .  the  proportion  of 
electron  scattering  that  lakes  place  in  the  bulk  and  at  the  interfaces  respectively.  (Note  that 
Pb  P.  =  !)■  funher  assume  that  diffuse  scattering  at  the  interfaces  is  "catastrophic" 

and  so  independent  of  spin,  then  in  terms  of  this  simple  model  it  is  easy  to  show  that  for 
Co/Cu  multilayers  the  decrea.se  of  the  GMR  on  annealing  can  be  accounted  for  by 
increasing  the  ratio  p,/p„. 

Of  course  the  magnitude  of  the  GMR  can  equally  be  accounted  for  by  a  different  set  of 
assumptions,  and  several  authors  have  interpreted  their  results  on  the  basis  of  spin- 
dependent  interfacial  scattering  (11|,  and  the  interpretation  of  GMR  measurements  in 
which  the  current  is  perpendicular  to  the  layers  gives  some  support  to  that  model  112). 
Nevertheless  we  repeat  that  results  of  experiments  on  annealed  Co/Cu  multilayers  in  which 
annealing  increases  the  interface  scattering  but  decreases  the  GMR  greatly  favour  the 
former  interpretation. 

MAGNETISATION 


More  direct  evidence  for  the  existence  of  AFM  or  FM  coupling  must  come  from 
measurements  of  the  magnetisation  itself,  and  in  figures  2  and  3  we  show  the  field 
dependence  of  magnetisation  at  both  low  and  high  fields  in  four  of  our  sainples.  Each 
specimen  consisted  of  20  bilayers  of  IsA  of  fee  cobalt  interspersed  with  fee  copper  layers 
of  various  thicknesses  as  indicated  on  the  diagrams.  From  the  low  fielil  data  there  is  clear 
evidence  of  a  variation  between  AFM  and  FM  coupling,  although  the  marked  hysteresis 
shows  that  the  latter  is  present  in  all  samples.  We  have  indicatetl  on  the  high  Held  curves 
likely  values  of  the  fields,  H,.  at  which  the  magnetisation  appears  to  have  saiuraied.and  in 
figure  4  we  show  their  variation  with  copper  layer  thickness.  'Ihe  marked  oscillation  is  an 
indication  of  a  switch  between  AFM  and  FM  coupling.  Interestingly  this  oscillation  is  not 
observed  in  the  samples  refened  to  in  reference  |7)  that  show  the  very  high  values  of  the 


Fig.  2:  Ratios  of 
magnetisation  to 
saturation 
magnetisation 
(M/Mo)  at  low 
fields. 
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Fig.  3:  Measurements  in  figure  2  extended  to  higher  fields. 
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Fig.  4:  Variation  of  saturation  fields  with  thickness  of  copper  layers. 

Examining  the  high  field  data  more  carefully  we  find  further  evidence  of  AFM  coupling. 
In  the  range  close  to  saturation  there  is  a  linear  rise  of  magnetisation  with  applied  field  that 
is  a  characteristic  of  AFM  coupling.  A  detailed  example  of  this  evidence  is  shown  in  figure 
5  where  the  greater  noise  is  a  consequence  of  the  small  volume  of  that  particular  sample. 
The  extrapolated  exchange  field,  characteristic  of  the  strength  of  the  exchange 
coupling,  J,  between  adjacent  magnetic  layers  is  given  by  =  2J/M„,  where  M„  is  the 
saturation  magnetisation.  The  slow  approach  to  saturation  in  the  presence  of  anisotropy 
follows  the  expression  M  =  M„1 1  -a/{H  -  where  the  coefficient  depends  on  the 
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anisotropy  constant  and  the  angle  between  the  field  and  some  easy  axis.  The  variation  of 
Hatm  copper  layer  thickness  is  shown  uti  figure  6  where  we  see  further  evidence  of  the 
oscillations  that  are  even  more  marked  than  in  figure  4.  The  reason  is  that  is  a  true 
measure  of  the  exchange  coupling  while  in  figure  4  is  a  somewhat  arbitrary  effective 
saturation  field  which  depends  on  both  anisotropy  and  exchange  coupling  in  addition  to  the 
rather  delicate  judginent  required  to  obtain  its  value  from  the  data  in  figure  3. 


Fig.  5:  Deoiled  variation  of  magnetisation  with  applied  field  on  the 
the  approach  to  saturation.  The  linear  region  and  the  dashed  curve 
are  discussed  in  the  text. 
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Fig.  6;  Variation  of  the  apparent  exchange  field  for  AFM  coupling. 
Hafm-  "'ith  thickness  of  copper  layers. 
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SUMMARY  AND  FURTHER  COMMENTS 

The  evidence  from  magnetisation  data  seems  clear;  the  multilayers  are  predominandy 
ferromagnetic  but  with  a  sufficient  volume  of  AFM  coupling  at  certain  layer  thicknesses  to 
generate  a  GMR.  The  AFM  regions  probably  grow  over  the  "flat"  areas  identified  in  ihe 
STM  scans,  while  the  remaining  rough  regions  are  simply  ferromagnetic.  In  figure  7  we 
show  the  marked  difference  in  the  approach  to  saturation  of  the  magnetisation  on  the  one 
hand  and  the  GMR  on  the  other.  It  is  clear  that  the  major  difference  is  the  very  rapid  rise  in 
magnetisation  at  low  fields  —  a  signature  of  ferromagnetism.  The  much  more  gradual 
decrease  in  resistance  takes  place  over  the  range  of  fields  in  which  the  magnetisation 
increases  from  about  80%  to  100%  of  its  saturation  value  -  that  is  over  precisely  that  part 
of  the  magnetisation  curve  that  we  attribute  to  the  fraction  of  the  sample  that  is  AFM 
coupled. 


II  ikOci 


Fig.  7:  Marked  difference 
in  magnetisation  and 
resistance  in  the  approach 
to  saturation. 


Several  questions  remain.  It  is  still  not  absolutely  clear  why  the  volume  of  material  that  is 
AFM  coupled  --  and  hence  the  maximum  GMR  --  is  generally  greater  in  sputtered 
specimens  although  over  the  last  year  the  diffeietice  has  become  less.  The  change  has  been 
brought  about  by  improving  the  quality  of  the  specimens  grown  by  MBE.  It  is  also  not 
clear  why,  apart  from  the  recent  paper  on  trilayers  1 10],  there  is  no  evidence  of  oscillations 
with  spacer  layr  thickness  in  the  GMR.  We  may  speculate  that  this  is  because  the 
ptesence  of  defects  in  the  magnetic  structures  including  roughness  at  the  interfaces  reduces 
the  magnitude  of  the  maximum  GMR  but  retains  an  AFM  coupled  component  when  the 
expected  GMR  is  a  minimum.  In  their  recent  publications  Highmore  et  al.  [6]  have 
demonstrated  the  importance  of  what  they  term  "antipha.se  domain  boundaries",  that  are 
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introduced  between  growth  fronts  during  deposition,  resulting  in  more  complex  coupling 
than  would  be  found  in  ideal  parallel  layers. 
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ABSTRACT 

VVe  liave  fabricated  pillar-like  microstrurtures  of  high  vacuum  sputtered  Fe/(’r  mag 
netic  multilayers  and  measured  the  giant  magnetoresistance  effect  in  the  configuration 
where  the  measuring  current  is  perpendicular  to  the  film  plane  from  4.2  K  to  000  K.  .At 
4.2  K  we  find  a  magnetoresistance  of  108  %  for  multilayers  with  a  Ee  thickness  of  8  nm 
and  a  Cr  thickness  of  1  nm.  The  pronounced  temperature  dependence  of  the  perpendicu¬ 
lar  magnetoresistance  is  studied  for  samples  with  different  Cr  thicknesses  and  tentatively 
e.vpiained  by  elect ron-magnon  scattering.  The  low-temperature  data  are  compared  with 
existing  low-temperature  models. 

INTRODUCTION 

Since  the  discovery  of  the  giant  magnetoresistance  (MR)  effect  in  magnetic  multilayers 
[1],  numerous  studies  on  a  variety  of  multilayer  systems  have  been  reported  (e.g.  [2.  8]). 
In  practically  all  these  experiments,  the  measuring  current  is  in  the  plane  of  the  multi¬ 
layer,  the  so-called  current-in-plane  (CIP)  geometry.  Nevertheless,  the  great  importance 
of  experiments  with  the  measuring  current  perpendicular  to  the  multilayer  plane  (the  .so- 
called  GPP-geometry)  has  been  emphasized  in  several  theoretical  papers  [4.  5.  6.  7.  8.  9). 
.All  these  theories  are  valid  only  at  low  temperatures  and  predict  a  considerably  larger 
MR  effect  for  the  CPP  geometry  than  for  the  CIP  geometry.  The  first  experiments  on 
the  CPP-MR  were  done  for  Co/.Ag  and  Co/Cu  multilayers  (10).  In  these  experiments  no 
microfabrication  techniques  were  used;  the  multilayer  was  sandwiched  between  a  super¬ 
conducting  Nb  top  and  bottom  contact  electrode  and  the  very  small  multilayer  resistance 
(typically  0.01-0.1  pf!)  was  measured  at  4.2  K  using  an  ultra-sensitive  SQlTD-based  sys¬ 
tem.  This  implies  that  measurements  are  only  po.ssible  at  liquid  helium  temperatures. 
Initially  relatively  weak  magnetic  fields  (W  <40  kA/m)  were  applied;  in  an  improved 
experimental  setup  it  is  now  possible  to  use  this  experimental  method  in  external  fields 
up  to  several  1000  kA/m  [11].  The  CPP-MR  of  the  strongly  antiferromagnetirally  (AF) 
coupled  Fe/Cr  .system  (switching  fields  of  typically  400  kA/m  (12]).  which  is  optimally 
suited  for  comparison  with  existing  low-temperature  models,  was  only  measured  quite 
recently  by  us  using  microstructured  samples  [13].  At  the  .same  time,  these  experiments 
provided  the  first  data  on  the  temperature  dependence  of  the  CPP-MR  effect,  which 
still  represents  a  theoretical  challenge.  In  particular  the  role  of  spin-flip  scattering  on  the 
giant  MR  remains  to  be  elucidated. 

Here,  we  will  discuss  our  experiments  on  the  low-temperature  CPP-MR  and  on  the 
temperature  dependence  of  the  CPP-MR  of  microstructured  Fe/Cr  multilayers.  Pillar 
structures  a  few  microns  in  size  were  fabricated  using  optical  lithography  and  reactive  ion 
etching  techniques.  The  perpendicular  giant  MR  effect  was  measured  for  100x(3  nm  Fe 
-t-  tcr  Cr)  multilayers  with  Cr  thicknesses  tcr  =  I  nm,  2.8  nm  and  4  nm.  The  first  two 
thicknesses  are  in  the  first  two  AF  regions  of  the  oscillatory  coupling  between  neighbouring 
Fe  layers  [12,  14],  while  the  last  one  corresponds  to  a  weaker  coupled  configuration.  The 
CPP-MR  [15]  is  larger  than  the  corresponding  CIP-MR  ,  e.g.  if  tcr  =  1  nm,  we  find  a 
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Figure  1:  Schematic  diagram  of  different  processing  steps  in  the  pillar  strnrliiriug  ami 
contact  fabrication. 

CPP-MR  of  108  %  at  4  K  ,  more  than  four  times  larger  than  the  (’IP-MR  in  similarly 
prepared  multilayers  [12|.  We  demonstrate  that  our  low-temperature  data  are  consistent 
with  the  models  of  Valet  and  Fert  [9)  and  Bauer  [6).  The  C'PP-MR  decreases  strongly  on 
increeising  the  temperature.  This  probably  can  be  understood  in  terms  of  a  spin-mixing 
process  by  electron-magnon  scattering  in  an  anisotropic  AF  superlattice  [16,  17]. 

SAMPLE  FABRICATION 

The  processing  of  the  pillar  structure  is  schematically  shown  in  figure  1  (a.b.c.d).  First  a 
0.4  pm  thick  Cr  base  layer  is  rf  sputtered  onto  a  Si02  substrate  held  at  room  temperature. 
Then  a  0.4-0. 7  pm  thick  Fe/Cr  multilayer  is  deposited,  using  dc  sputtering  for  the  Fe  and 
rf  sputtering  for  the  Cr,  followed  by  a  dc  sputter  deposition  of  a  0..3  pm  thick  Au  layer. 
All  these  depositions  were  done  during  one  vacuum  run.  The  system  pressure  prior  to 
deposition  was  4  x  10“^  mbar  and  the  Ar-pressure  during  sputtering  wa,s  1  x  10“^  mbar. 
X-ray  diffraction  shows  a  predominantly  (110)  growth  of  the  multilayer.  For  lithography 
the  sample  is  covered  by  a  0.1  pm  thick  Mo  layer,  then  by  a  0.2  pm  thick  AI2O3  layer, 
followed  by  the  deposition  of  another  0.1  pm  thick  Mo  layer.  The  latter  is  structured 
using  conventional  lithography  and  using  wet  etching  (figure  1(a))  and  serves  as  a  mask 
for  the  structuring  of  the  AI2O3  layer,  which  is  done  in  an  CHFa/Ar  plasma  (10  seem 
CHF3/4O  seem  Ar,  25  pbar,  0.52  W/cm^).  The  structured  AI2O3  layer  in  turn  is  used  as 
a  mask  for  the  etching  of  the  Au  and  the  Fe/Cr  multilayer;  this  is  done  in  an  HCl  plasma 
(40  pbar,  2.1  W/cm^)  (figure  1(b)).  After  removal  of  the  remaining  AI2O3,  the  sample 
is  covered  with  an  insulating  polyimide  layer.  Contact  holes  in  the  polyimide  are  made 
using  reawttive  ion  etching,  after  which  the  remaining  Mo  in  the  hole  is  removed  by  wet 
etching  (figure  1(c)).  Subsequently,  the  structure  is  covered  by  a  1.9  pm  thick  Au  film,  in 
which  the  contact  electrode  pattern  is  made  (figure  1(d)).  The  pillar  in  the  middle  is  the 
actual  sample;  finally  two  Au  contact  leads  will  be  attached  on  top  of  it  for  the  resistance 
measurement;  also  the  side  parts  of  the  structure  will  be  contacted  and  they  will  serve  as 
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Figure  2:  (a)  Micrograph  of  a  pillar  structure  after  the  etching  in  the  H(’l  ))la.sina;  (b) 
Micrograph  showing  the  upper  Au  cc  itact  electrode  on  top  of  the  hole  in  the  ]>olyiinide; 
(c)  Graph  of  a  complete  pillar  devi*  Graph  of  the  pillar  device  with  additional  laser 

trench,  (-urreiit  /“)  and  voltage  :  ’  '  • ,  V'“)  contacts  are  indicated,  the  pillar  is  marked 
by  a  cross  (  x ). 

the  lower  contact  leads  for  the  pillar  in  the  middle. 

In  figure  2(a,b,c,d),  microscopic  images  of  the  structure  are  shown.  Figure  2(a)  corre¬ 
sponds  to  the  schematic  diagram  of  figure  1(b)  and  shows  the  pillar  after  the  structuring 
in  Mie  HCl-plasma.  Figure  2(b)  is  a  top  view  of  the  final  structure,  .showing  the  upper 
.Au  contact  structured  on  top  of  the  hole  in  tlie  polyimide  layer.  Figure  2(c)  is  an  over-all 
view  of  the  structure,  as  described  so  far,  showing  clearly  the  relative  magnitude  of  the 
pillar  with  respect  to  the  contact  electrodes.  Figure  2(d)  is  an  improved  measuring  struc¬ 
ture,  which  differs  from  figure  2(c)  only  by  the  presence  of  two  trenches,  etched  down  to 
the  substrate  using  a  Nd-YAG  laser  (532  nm).  For  the  largest  pillars  fabricateci  on  the 
substrate  (width  10-12  ftm),  the  trench  ends  at  the  edges  of  the  pillar,  so  that  the  only 
connection  between  the  two  parts  of  the  structure  is  established  through  the  pillar.  'Fliis 
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trench  plays  a  crucial  role  in  the  measurement,  because  it  strongly  reduces  the  spurious 
spreading  resistance  effect  of  the  contact  leads,  which  is  necessary  for  a  proper  measure¬ 
ment  of  the  very  small  perpendicular  resistance  (typically  1  mH).  The  structure  without 
the  trench  (figure  2(c))  gives  rise  to  a  total  resistance  measurement,  which  is  dominated 
by  resistance  contributions  from  the  electrodes.  The  measuring  current  coming  from  the 
pillar,  spreads  radially  in  the  electrode  contact  region  and  thereby  induces  a  pronounced 
voltage  drop  in  the  voltage  leads  of  the  structure.  The  magnitude  of  this  voltage  can 
be  two  orders  of  magnitude  larger  than  the  actual  voltage  signal  coming  from  the  pil¬ 
lar  itself,  as  we  have  verified  both  experimentally  and  by  nnmerical  calculations.  In  the 
measurement  geometry  given  in  figure  2(d),  a  radial  current  spread  in  the  electrodes  no 
longer  is  possible.  A  more  extended  discussion  of  this  geometry  can  be  found  elsewhere 
[18].  The  resistance  of  the  multilayer  is  of  the  same  order  of  magnitude  as  the  resid¬ 
ual  contact  resistance,  eis  is  determined  experimentally  by  comparing  different  nuillilayer 
thicknesses.  Also  the  pillar  height  is  relatively  small  compared  to  its  width  w.  which  gives 
rise  to  a  non-uniform  current  distribution  in  the  pillar.  Ohms  law  gives  for  our  geometrv 
that  (V'*’  —  V~)w^  oc  {w  I L)  /  sinh[w  /  L)  with  and  V~  the  measured  voltage  on  top 
and  below  the  pillar  and  L  a  parameter  of  typically  2-3  pm,,  representing  the  distance 
of  radial  current  spread  in  the  electrodes.  This  dependence  was  checked  independently 
by  simulations  based  on  the  finite  element  method.  In  the  following,  quoted  MR  values 
are  extrapolations  for  w  — *  0  and  typically  are  a  factor  1.1-1. 2  higher  than  the  actual 
measured  value  for  the  smallest  pillar  dimension  on  the  substrate. 

Typically,  a  few  hundred  pillars  with  a  cross  section  .9  ranging  between  6  pm^  and 
130  pm^  are  fabricated  on  one  substrate.  l.')-20  different  pillar  structures  with  variable 
cross-section  were  measured  for  each  Cr  thickness  to  check  reproducibility.  After  wire 
bonding,  the  samples  are  mounted  in  a  ^He  flow  cryostat.  Pillar  resistances  are  measured 
using  an  ac  bridge  technique  in  the  4-.300  K  temperature  range  and  in  fields  up  to  IbOU 
kA/m  (2  Tesla). 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  3  shows  CPP-MR  curves  at  different  temperatures  for  a  pillar  with  a  cross- 
section  5  =  90  pm^  structured  in  a  100x(3  nm  Fe  -I-  1  nm  Cr)  multilayer:  for  clarity  the 
curves  are  displaced  vertically.  At  9.3  K  we  observe  a  MR  effect  of  108  9c.  more  than  four 
times  higher  than  the  corresponding  CIP-MR  effect  in  unstructured  films  (12).  The  MR 
effect  is  weakly  temperature  dependent  below  about  T=60  K:  above  that  temperature 
the  decrease  is  much  stronger.  At  room  temperature  a  14  %  CPP-MR  remains,  two  times 
larger  than  the  corresponding  CTP-MR.  The  saturation  field  B,{~  poW,)  is  defined  by 
the  crossing  point  of  the  low  field  resistance  decrea.se  with  the  horizontal  line  of  constant 
resistance  at  higher  fields.  We  find  that  B,  =  0..54  T,  nearly  independent  of  temperature. 
This  is  comparable  to  the  B,  =  0..')!  T  value  found  for  the  corresponding  ClP-sample 
(12);  the  small  difference  can  be  explained  by  a  slightly  different  demagnetization  factor. 
This  Sj-value  corresponds  with  an  interlayer  exchange  coupling  energy  per  unit  surface 
of  1.3  mj/m^  (see  ref.  [12]).  Hence,  the  interlayer  coupling  energy  is  orders  of  magnitude 
larger  than  the  thermal  energy  for  our  microstructures.  This  implies  that  the  strong 
temperature  dependence  of  the  CPP-MR  cannot  be  attributed  to  incomplete  AF-coupling 
at  higher  temperatures.  Another  remarkable  observation  is  the  absence  of  hysteresis 
in  the  magnetoresistance.  For  the  corresponding  CIP-sample.  we  found  a  small,  but 
clear  hysteretic  effect  (12).  We  notice  that  in  the  (very  weakly)  AF  coupled  Ag/f'o 
and  Cu/Co  C'PP-samples  of  ref.  [10]  magnetoresistive  hysteresis  is  very  important.  We 
therefore  believe  that  both  strong  AF  coupling  and  microstructuring,  which  leads  to  a 
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Figure  .'5:  Giant  magnetoresistance  effect  of  a  inicrostructured  pillar  in  a  100x(d  nm  Fe 
+  I  nm  Cr)  multilayer  with  the  current  perpendicular  to  the  multilayer  plane  (CPP)  and 
as  a  function  of  temperature. 

reduction  in  the  number  of  magnetic  domains,  are  important  for  obtaining  non-hysteretic 
MR  characteristics. 

We  did  find  a  hysteretic  magnetoresistance  for  the  100x(3  nm  Fe  +  4  nm  C'r)  sample, 
as  is  clear  from  figure  4.  This  seems  very  reasonable  as,  for  this  Cr-thickness.  we  do  not 
expect  perfect  AF  coupling  anymore.  Rather,  one  is  in  a  weakly  AF  coupled/uncoupled 
situation,  which  also  is  confirmed  by  magnetization  data  for  this  sample. 

In  figure  .5(a,b,c)  the  temperature  dependence  of  the  CPP-MR  is  shown  for  multilayers 
with  different  tcr\  comparison  is  made  with  the  corresponding  CIP  data  [12].  Figure  .fila) 
is  for  tcr—  1  nm  and  corresponds  with  the  measurements  presented  in  figure  3.  The 
enlarged  GPP-MR  effect  and  its  strong  decrease  with  temperature  is  immediately  clear. 
This  derrea.se  is  al.so  pronounced  for  the  .sample  of  figure  5(b)  (tc  v=  3.8  nm.  S  =  20  ;im^). 
Above  about  100  K,  the  CPP-MR  even  becomes  smaller  than  the  CIP-MR.  In  figure  .5(r), 
the  sample  with  tcr=  4  nm  and  .S’  =  6  pm^  is  shown.  Again,  we  observe  that  the  CPP- 
MR  is  enhanced  with  respect  to  the  ClP-MR  and  that  the  temperature  dependence  is 
markedly  stronger. 

The  origin  for  the  strong  decrease  with  temperature  of  the  CPP-MR  can  be  clar¬ 
ified  by  investigating  the  quantity  AR(T)  =  R,nax(T)  —  R,at{T).  in  figure  6  we  plot 
A R(‘i K )  —  A R(T )  against  temperature  on  a  double  logarithmic  scale  for  the  samples  of  fig¬ 
ure  h.  Within  experimental  accuracy,  the  increa.se  with  temperature  of  AR{AI\)  -  AR{T] 
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Figure  4;  Giant  magnetoresistance  effect  of  a  inicrostructured  pillar  in  a  I00x(.}  run  Fe 
4-  4  nm  Cr)  multilayer  with  the  current  perpendicular  to  the  multilayer  plane  ((’PP)  and 
as  a  function  of  temperature. 
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Figure  5;  Temperature  dependence  of  the  CPP-magnetoresistance  of  pillar  structures 
meide  in  100 x  (3  nm  Fe  +  tcr  Cr)  multilayers  with  (a)  tcr  =  1  nm,  (b)  (cv  =  2.8  nm  and 
(c)  tcr  =  4  nm.  Corresponding  CIP-MR  data  are  given  for  comparison.  The  full  curves 
are  a  guide  to  the  eye. 


Figure  6;  Temperature  dependence  of  Aft(4A’)  —  AR{T)  on  a  double  logaritliniic  scale. 
Typical  error  bars  are  indicated  for  a  few  points.  The  solid  line  indicate.^  a  7'^  beliav  iour. 
characteristic  for  electron-niaguon  scattering  in  an  anisotropic  ,-\F  system. 

below  about  150  K  can  be  described  by  a  behavior  for  all  samples.  We  believe  that 
this  temperature  dependence  is  indicative  for  electron-magnon  scattering  as  the  MK- 
decreasing  mechanism.  Previously,  the  temperature  dependence  of  the  low-temperature 
resistivity  of  dilute  magnetic  alloys  was  explained  by  incoherent  (i.e.  spin  wave-veclur- 
nonconserving)  electron-magnon  scattering,  mixing  the  two  spin  channels  [16].  in  the 
case  of  a  multilayer  consisting  of  quasi-two-dimensional  AF  coupled  magnetic  layers,  this 
mechanism  leads  to  a  dependence  of  the  GIP  resistance  variation  at  low  temperature 
[17],  as  also  observed  for  our  AF  coupled  CIP-samples.  At  higher  temperatures,  addi¬ 
tionally,  coherent  (i.e.  spin  wave- vector-conserving)  electron-magnon  scattering  processes 
contribute,  giving  rise  to  a  more  complicated  behavior.  Physically,  spin-flip  scattering 
due  to  thermally  excited  magnons  results  in  equalizing  the  two  spin  currents  (the  classi¬ 
cal  spin-mixing  effect)  and  also  reduces  the  spin-flip  diffusion  length  l,j.  At  the  moment, 
a  detailed  microscopic  calculation  on  the  temperature  dependence  of  the  CPP-MR  does 
not  exist,  so  that  the  above  interpretation  remains  to  be  proven. 

Here,  we  compare  our  low-temperature  results  firstly  with  the  low-temperature  model 
of  Valet  and  Fert  [9],  which  is  similar  in  approach  to  the  model  of  Lee  et  al.  [7],  and 
secondly  with  the  model  of  Bauer  [6].  The  Valet-Fert  model  is  a  theory  on  a  microscopic 
basis  and  takes  into  account  interface  spin  2iccumulation  effects  coming  from  a  difference 
in  chemical  potential  for  spin-up  and  spin-down  electrons.  It  is  argued  that  the  most 
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Figure  7:  Plot  of  the  temperature  dependence  of  the  experimental  quantity 
s/iRmax  -  given  by  the  VaJet-Fert  C’PP-lheory  for  samples  with  different 

tcr-  Data  are  derived  from  experiment  using  the  extrapolation  scheme  described  in  the 
text.  Full  curves  are  a  guide  to  the  eye. 

appropriate  experimental  quantity  to  cotnpare  with  theory  is 

\/(fimax  -  fixat)Rm<ir  PFx  +  ’’h  ]  X  A  (  1  1 

where  d  and  y  are  spin  asymmetry  coefficients  for  bulk  and  interface  .scattering,  respec¬ 
tively  (0  <  <  1).  tpf  and  pfe  are  the  Fe  thickne.ss  and  Fe  resistivity;  rj,  is  the 

spin-averaged  Fe/Cr  boundary  resistance  per  unit  surface  in  the  ferromagnetic  state  and 
A’  is  the  number  of  Fe/Cr  bilayers  in  the  structure.  Fq.  (1)  is  valid  when  the  spin-flip 
diffusion  length  /,/  is  much  larger  than  the  individual  layer  thicknesses  in  the  structure, 
a  condition  which  is  generally  well  fulfilled  at  low  temperatures  [9].  .\  plot  of  the  left 
hand  side  of  eq.(l)  is  shown  in  figure  7  for  all  temperatures  studied.  At  4  K,  we  observe 
that  —  R,xt)Rmax  —  bb  mDpm^  for  the  sample  with  Icr—  I  nm,  while  for 

the  other  two  samples  this  value  is  reduced  to  a  number  around  40  mSJpm^.  One  should 
note  that,  according  to  the  model,  these  values  would  be  the  same,  in  the  case  of  perfect 
AF  coupling.  To  estimate  the  magnitude  of  rj,,  we  take  ii  =  0.33  and  7  =  0.73;  these 
values  correspond  to  a  ratio  of  spin-down  to  spin-up  scattering  length  ljl\  =  ~  2 

for  Fe  bulk  scattering  and  l\H\  =  ~  8  for  interface  scattering,  as  obtained  from  a 

theoretical  analysis  of  the  corresponding  CTP-MR  data  [13,  19],  With  A'  =  100,  tfr  =  3 
nm  and  pp^  =  .5  —  10  pflcm  we  find  that  rj  =  I  —  1.5  x  lO""'®  Om^  for  trv  =  1  nm. 
For  the  other  Cr  thicknesses  rj  is  somewhat  reduced.  These  values  are  close  to  the  value 
for  Cfc  found  from  a  similar  analysis  for  the  Co/Cu  and  Co/Ag  multilayer  system  [lOj. 
Hence,  the  model  seems  to  describe  various  multilayer  systems  consistently.  Although 
comparison  with  theory  is  most  convenient  at  low  temperature,  where  spin-flip  scattering 


20 


is  minimuiri  and  the  two-current  model  is  well  applicable,  the  temperature  dependeuce 
of  the  effect  is  particularly  interesting  because  it  provides  important  ic’w  information  on 
the  critical  length  scale  of  the  CPP-MR  effect,  which  we  can  identify  as  l,j.  Due  to  the 
increasing  importance  of  electron-magnon  scattering,  the  currents  are  equalized  (as  in  the 
CIP-geometry )  and,  moreover,  the  reduction  of  l,j  could  limit  the  number  of  layers  and 
interfaces  contributing  to  the  CPP-MR  effect. 

We  also  compare  our  low-temperature  experiments  with  the  theory  of  Hauer  [b.  I9j, 
which  is  based  on  the  Landauer-Buttiker  scattering  formalism  of  electron  transport  |'20]. 
In  this  approach  charge  and  spin  accumulation  effects  in  the  multilayer  are  implicitly 
integrated  out.  Again  absence  of  spin-flip  scattering  is  assumed,  which  favors  application 
of  the  model  to  low-temperature  MR  measurements.  For  the  Fe/Cr  system,  where  barrier 
potentials  play  a  minor  role  in  the  giant  MR  effect,  the  normalized  conductance  for  the 
channel  with  spin  a  (a  .f,!)  is  given  by 

•)N  V  A 

f;.  =  1  -  ^  +  •2(^)Mn(l-f^).  {■>) 

A,  A 

Here  A’  is  the  number  of  repetitions  and  N,  the  mean  number  of  traverseil  interfaces  for 
spin  a  (N a  =  1  corresponds  to  a  mean  free  path  of  length  (tf,  -f  tj.-,)).  We  define  tlie 
normalized  conductance  in  the  ferromagnetic  alignment  ca.se  as  6V  =  4  f'l)  ‘rod  for 

the  AF  alignment  case  we  define  G’a/r  by  eq.C2)  with  +  l^)-  Then  .V1R  =  (ff'/;  - 

Gaf)IGaf  with  ^  as  a  fitting  parameter  representing  the  integrated  contributions  of 
both  magnetic  bulk  and  interface  scattering.  For  the  sample  with  tc  r=l  nm  and  a  low 
temperature  MR  of  108  %,  we  find  that  ^  =  6.4,  while  for  the  sample  witli  tfr='2.8 

nm  and  a  MR  of  8  %  we  find  tliat  ^  =  1.8.  These  numbers  reflect  an  'effective'  spin- 
dependent  mean  free  path,  which  is  consistent  with  the  ratios  of  spin-down  over  spin  up 
mean  free  paths  quoted  in  the  discussion  of  the  Valet-Ferl  model.  Hence,  both  models, 
although  of  different  origin,  give  similar  results  for  the  relevant  scattering  lengths. 

CONCLUSION 

We  have  fabricated  pillar-shaped  microstructures  in  Fe/(’r  magnetic  multilayers  and 
determined  the  CPP-MR  effect  for  this  strongly  AF  coupled  system.  Moreover  we  present 
the  first  experiments  on  the  temperature  dependence  of  the  CPP-MR  effect  and  make  a 
comparison  with  the  CIP-MR  of  similarly  prepared  samples.  The  decrease  of  the  CPP- 
MR  with  temperature  has  been  interpreted  tentatively  in  terms  of  scattering  try  llmmally 
excited  magnons.  Finally  we  performed  a  quantitative  analysis  of  our  low-temperature 
data  witf  he  Valet-Fert  and  Bauer  models,  yielding  consistent  values  for  the  magnetic 
scattering  parameters. 

ACKNOWLEDGEMENTS 

We  would  like  to  thank  H.T.  Munsters,  H.(h  Donkersloot,  J.F.M.  .Janssen,  M..M, 
den  Dekker,  H.M.M.  Bakermans  and  O.J.A.  Buyk  for  their  contributions  to  the  sample 
preparation,  H.H.J.M.  Janssen  for  the  finite  element  simulations  and  G.E.W.  Bauer,  R. 
Coehoorn,  A.  Fert,  H.  van  Houten,  M.T.  Johnson,  and  W.J.M.  de  Jonge  for  valuable 
discussions. 


REFERENCES 


jlj  M.N.  Haibich,  J.M.  Brolo,  A.  Fert,  K.  van  Dau.  F  IVirnlf,  R  Kiiiuiu  ,  (1 

('reiizet.  A.  Friederii  li,  and  .1.  Cliazelas.  Phys.  Km  61,  'H2~  I  Rtf'S). 

[2]  (i.  Bina;i(di,  P.  Cininber^.  F.  SauriMibacb.  and  VS'.  7inn  l*liys.  Kr'  B  39.  i'-'J!. 

(I>t89). 

[3]  S.S.P.  Parkin,  K.  Bhadra.  and  K.R  IWbe,  Pliys.  Km.  L.-tt  66,  JbVJ  |  R*!II  i 

[4]  S.  Zhang,  and  R.VI.  I.evy,  .j.  Ap|>l.  Phy.s.  69,  17Sfi  (RWl). 

[5]  M.  .lohnsoii,  Phys.  Rev.  Lett.  67,  d-WM  1091 ). 

[6]  G.E.W.  Bailor,  Phys.  Rev.  Lett.  69,  1676  (1992). 

[7]  S.-F.  Lee,  VV'.P.  Pratt  Jr.,  Q.  Vang,  P.Holody,  R.  Loloee.  P..-\.  Si  hroeder.  and  .1.  Bass. 
J.  Magn.  Magn.  Mat.  118,  LI  (199.$). 

[8]  H.E.  ('aniblong,  S.  Zhang,  and  P.M.  Levy,  Phys.  Rev.  B  47,  473'i  I  1993). 

[9]  T.  Valet,  and  A.  Fert,  submitted  to  Phys.  Rev.  B  . 

[10]  W.P.  Pratt,  Jr.,  S.-F.  Lee,  J..M.  Slaughter,  K.  Loloe*'.  P..A.  Sohroedi  r.  and  J  Ba.ss. 
Phys,  Rev,  Lett.  66,  3060  (1901);  S.-F.  Lee,  VV.P.  Pratt.  Jr..  K  l.oluee.  P.,\ 
Srhroeder,  and  J.  Ba.ss,  Phys.  Rev.  B  46,  SIS  (1992);  P..A.  Sihria‘der,  J.  Ba,ss.  l“. 
Holody,  S.-F.  Lee.  R.  Loloee  W.P.  Pratt.  Jr.,  and  Q.  Vang,  to  be  |)ublished. 

[11]  P.  Schroeder,  private  communication. 

[12]  M.A.M.  (iijs,  and  M.  Okada,  Phys.  Rev.  B  46.  2908  (1992);  M.A.M.  Cijs.  and  M. 
Okada,  J,  Magn.  Magn.  Mat.  113.  10-i  ( 1992). 

[13]  M.A.M.  (iijs,  S.K.J.  Lenczowski,  and  J.B.  (iiesbers,  Phys.  Rev.  Lett.,  to  be  pub 
lished. 

[14]  S.S.P.  Parkin,  N.  More,  and  K.P.  Roche,  Phys.  Rev.  Lett.  64,  2304  (1990). 

[bS]  We  define  the  MR  as  (flroor  -  where  is  the  ma.ximum  resistance  at 

zero  field  and  R,at  the  resistance  value  at  saturation  of  the  giant  MR  effect. 

[16]  D.L.  Milks,  A.  Fert,  and  LA.  Campbell,  Pliys.  Rev,  B  4.  196  (1971), 

[17]  J.E.  Mattson,  M.E.  Brubaker,  C.H.  Sowers.  M.  Conover.  Z.  Qiu.  and  S.IJ.  Bader. 
Phy.s,  Rev.  B  44,9378  (1991), 

[18]  M.A.M.  Gijs,  J.  B.  Giesbers,  S.K.J.  Lenczowski,  and  H.H. J.M.  Janssen.  Appl.  Phys. 
Lett.,  to  be  published. 

[19]  G.E.W.  Bauer,  M.A.M.  Gijs,  .S.K.J,  Lenczowski,  and  J.B.  (jiesbers.  J.  Magn,  Magn. 
Mat.,  to  be  published. 

[20]  M.  Buttiker,  IBM  J.  Res.  Dev.  32,  317  (1988), 


23 


THEORY  OF  THE  NEGATIVE  MAGNETORESISTANCE  IN 
MAGNETIC  METALLIC  MULTILAYERS 

RANDOLPH  Q.  HOOD  AND  L.  M.  FALICOV 

Department  of  Physics,  University  of  California  at  Berkeley,  and 

Materials  Sciences  Division,  Lawrence  Berkeley  Laboratory,  University  of  California, 

Berkeley,  California.  94720,  USA 

ABSTRACT 

The  Boltzmann  equation  is  solved  for  a  system  consisting  of  alternating  fenomagneuc  - 
normal  metallic  layers.  The  in-plane  conductance  of  the  film  is  calculated  for  two  configuranons: 
successive  ferromagnetic  layers  aligned  (i)  parallel  and  (ii)  antiparallel  to  each  other.  The  results 
explain  the  giant  negative  magnetoresistance  encountered  in  these  systems  when  an  initial 
antiparallel  arrangement  is  changed  into  a  parallel  configuration  by  application  of  an  external 
magnetic  field.  The  calculation  depends  on  (A)  geometric  parameters  (the  thicknesses  of  the 
layers);  (B)  intrinsic  metal  parameters  (number  of  conduction  elecuons,  magnetization  and 
effective  masses  in  the  layers);  (Q  bulk  sample  properties  (conductivity  relaxation  times);  and 
(D)  interface  scattering  properties  (diffuse  scattering  versus  potential  scaueting  at  the  interfaces) 
It  is  found  that  a  large  negative  magnetoresistance  requires,  in  general,  considerable  asymmetry 
in  the  interface  scattering  for  the  two  spin  orientations.  All  qualitative  features  of  the  expen- 
ments  are  reproduced.  Quantitative  agreement  can  be  achieved  with  sensible  values  of  the 
parameters.  The  effect  can  be  conceptually  explained  based  on  coruiderations  of  phase-space 
availability  for  an  electron  of  a  given  spin  orientation  as  it  travels  through  the  multilayer  sample 
in  the  various  configurations  and  traverses  the  interfaces. 


1.  INTRODUCTION 

Ferromagnetic-normal  metallic  superlatticcs  and  sandwiches  [1,2]  display  a  number  of 
interesting  properties,  such  as  a  varying  interlayer  magnetic  coupbng  [3]  and  a  negative,  some¬ 
times  very  large  magnetoresistance  (MR)  effect  (4-15j.  Examples  are  (NiFe/Cu/NiFe). 
(NiFe/Ag/NiFe),  (Fe/Cr),,  (Co/Cu),,  (Fe/Cu),.  and  (Co/Ru), ,  to  name  just  a  few.  It  has  been 
found  that  the  magnetic  moment  of  each  ferromagnetic  layer  is  arranged  with  respect  to  that  of 
the  neighboring  ferromagnetic  layers  either  in  a  parallel  fashion,  or  in  an  antiparallel  one. 
depending  on  the  thickness  of  the  metal  spacers  and  on  the  quality  of  the  interfaces. 

When  the  conditions  are  such  that  the  consecutive  moments  are  arranged  anuparallel  to 
each  other,  the  application  of  an  external  magnetic  field  to  the  sample  results  in  two  effects:  (1) 
the  moments  rearrange  themselves  into  a  completely  parallel  arrangement  in  fields  of  the  order 
of  1  T;  and  (2)  the  sample  decreases  its  resistance  -  negative  MR  --  in  all  directions  (in-plane  in 
particular)  by  varying  amounts  which  can  be  as  small  as  a  few  percent,  and  as  large  as  55%  (for 
Co/Cu  at  liquid  Helium  temperatures)  [13J.  A  decrease  by  more  than  20%  is  ererally  known  as 
the  giant  magneioresisiance  effect  (GMR). 

Even  though  the  current  knowledge  of  the  MR  effect  is  incomplete,  one  fact  that  has 
emerged  is  that  spin-dependent  inierfacial  scattering  plays  an  important  role.  Experiments  by 
Fullerton  er  at.  [16]  indicate  that  increased  interfacial  roughness  enhances  the  GMR.  Baumgart 
et  al.  (17]  have  found  that  ultrathin  layers  of  elements  (V.  Mn,  Ge,  Ir,  or  Al)  deposited  at  the 
Fe/Cr  interface  lead  to  changes  in  the  MR  which  correlate  with  the  ratio  of  spin-up  and  spin- 
down  resistivities  arising  from  spin-dependent  impurity  scattering  of  these  elements  when  alloyed 
with  Fe.  This  result  is  in  agreement  with  the  suggestion  of  Baibich  et  al.  [4]  that  the  spin- 
dependence  of  impurity  scattering  at  the  interfaces  is  related  to  that  observed  [18]  in  alloyed  fer¬ 
romagnetic  metals  such  as  Fe,  Co,  and  Ni. 

Further  confirmation  of  the  importance  of  the  interface  in  the  MR  effect  was  provided  by 
Barthfilfimy  et  al.  [19]  who  point  out  that  the  experimental  data  they  obtained  for  epitaxially 

M«l.  Ret.  Soc.  Symp.  Proc.  Vol.  313.  ^  1993  Materials  Research  Society 


24 


grown  Fc(001)/Cr(001)  multilayers  seem  to  be  in  agreement  with  a  vartaiion  of  the  N’TR  of  the 
form 

where  icr  ^  ihe  thickness  of  Cr  layer  and  X*  is  a  length  of  the  order  of  the  mean  free  path. 
Such  a  variation  of  the  MR  with  layer  thickness  is  expected  from  spin-dependent  interface 
scattering. 

It  should  be  emphasized  that  it  is  important  to  distinguish  between  the  concepts  of  spin-flip 
scattering  and  spin-dependent  scattering.  The  first  refers  to  an  event  in  which,  during  scaitenng. 
an  electron  reverses  its  spin  orientation;  such  a  phenomenon  is  normally  caused  by  spin-orbit 
effects  and/or  by  scattering  from  impurities  with  a  localized  magnetic  moment.  Spin-flip  scatter¬ 
ing  is  neglected  in  this  contribution.  The  second  one  refers  to  the  fact  that  electrons  with 
different  spin  orientations  experience  different  potentials  and  have  different  phase-space  distribu¬ 
tions.  Consequently  they  have  very  different  scattering  cross  sections  both  in  the  bulk  and  at  the 
interfaces.  The  latter  is  extremely  relevant  for  the  purposes  of  this  study. 

It  is  the  aim  of  this  contribution  to  present  a  model  that  incorporates  spin-dependent  inter¬ 
facial  scattering  in  a  more  realistic  way.  While  the  model  presented  here  is  similar  in  many 
respects  to  that  of  Camley  and  Bamai  [20.21}  it  does  not  suffer  from  the  shortcomings  in  the 
description  of  interfacial  scattering  encountered  there.  Utilization  of  a  more  accurate  description 
of  the  interface  permits  a  study  and  separation  of  the  various  scattering  mechanisms  and  their 
relevance  in  the  MR  effect. 

The  present  model,  an  extension  of  the  Fuchs-Sondheimer  theory  [22,23],  uses  a  Stoner 
description  [24]  of  the  itinerant  ferromagnetic  layers:  it  introduces  different  potentials  for  major¬ 
ity  and  minority  spins.  Band-structure  and  elecLron>censiiy  ejects  are  included  only  by  means  of 
a  constant*  metal*  and  spin-dependent  potential,  and  an  isotropic  effective  mass  for  each  spin  in 
each  layer.  The  different  potentials  in  neighboring  layers  results  in  coherent  potential  scattering 
(i.e.,  rcfiacrion)  of  electrons  as  they  traverse  the  interface.  It  has  been  suggested  [17}  that  this 
effect  alone  could  account  for  the  observed  spin-dependent  transport  properties  and  the  oscilla¬ 
tory  efifects  with  layer  thickness  [3].  Spin-dependent  potentials  are  also  responsible  for  different 
densities  of  states  at  the  Fermi  level,  i.e..  different  available  phase  space  for  the  two  different 
spin  orientations.  The  angular-dependent  effects  are  treated  by  a  quantum-mechanical  matching 
of  Che  electron  wave  functions  at  the  interfaces.  Impurity  mattering  at  the  interface  and  Interfa¬ 
cial  roughness  are  also  a  source  of  spin-dependent  scattering,  and  they  contribute  to  the  present 
model  through  a  spin-dependent  function,  in  a  way  similar  to  that  used  by  Camley  and  Bamai 

The  model  predicts  the  dependence  of  the  MR  on  the  thickness  of  the  layers,  on  the  qual¬ 
ity  of  the  samples  (mean  free  path)  and  on  the  quality  (roughness)  of  the  interfaces. 


2.  THE  MODEL 

The  in-plane  conductivity  has  been  calculated  for  a  multilayer  structure  consisting  of  alter¬ 
nating  layers  of  a  ferromagnei  (F)  of  thickness  df,  and  a  spacer  layer  of  thickness  d, .  The  coor¬ 
dinate  system  is  chosen  with  the  z  axis  perpendicular  to  the  layers,  and  with  complete  isotropy 
in  the  (,x,y)  plane. 

For  a  given  structure  the  conductivity  was  calculated  for  both  anuparallel  alignment, 
denoted  au«  and  for  parallel  alignment,  denoted  arr.  of  the  moments  of  successive  F  layers.  In 
the  aniiparallel  arrangement  the  structure  repeats  itself  after  four  layers  (.../  F  r  /  s  /  F  i  /  s  /...)  ; 
in  the  parallel  arrangement  the  period  consists  of  two  layers  (.../  F  t  /  s  /...).  Application  of  a 
sufficiently  large  magnetic  field  to  a  sample  in  the  antiparallel  arrangement  causes  the  magnetic 
moments  to  align  parallel  to  one  another.  The  magneioresistance  (Ap  /  p).  is  defined  by 

Ap  ^  pn  -  pTT  _  CTTT  -  CTj 
p  pn  OTT 

where  )”’•  Note  that  this  quantity  varies  between  zero  and  one  (or  0  and  100%) 
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whenever  the  resistance  decreases  upon  the  application  of  an  external  magnetic  field. 

The  conductivity  for  both  alignments  is  obtained  by  adding  the  contributions  of  the  spin-up 
and  the  spin-down  electrons,  calculated  separately.  This  is  the  two-current  model  [18],  which 
provides  a  good  description  of  electron  transport  in  magnetic  3d  metals.  As  mentioned  above 
spin-flip  processes,  which  mix  the  two  currents,  are  neglected.  It  is  known  that  their  effect  is 
small  at  low  temperatures. 

The  electrons  involved  in  transport  are  regarded  as  free  electron-Iike  with  spherical  Fermi 
surfaces.  Within  each  layer  the  electrons  move  in  a  constant  potential  V'/o  which  depends  on  the 
particular  layer  t  and  the  spin  a  of  the  electron. 

The  electron  distribution  function  within  each  layer  i  and  for  each  spin  a  is  written  in  the 

form 

/.o(vd)  =  /iaM  +  «io(v,r)  .  (2) 

which  is  independent  of  x  and  y  by  symmetry.  In  (2).  the  first  term  /i%  (v)  is  the  equilibrium 
distribution  in  the  absence  of  an  electric  field  and  g,'a(v,z)  is  the  deviation  from  that  equilibrium 
in  the  presence  of  the  elecuic  field.  For  an  electric  field  of  magnitude  E  in  the  i  direction,  the 
Boltzmann  equation  in  the  relaxation  time  approximation  reduces  to 

dgia  ^  g.g  ^  lel£  ^/io 
02  T.,,  V,  m^g  V,  dv, 

where  is  the  relaxation  time  in  layer  i  for  spin  a  ,  and  e  is  the  charge  of  the  electron.  The 
second-order  term,  proportional  to  the  product  (E  .  g,o),  has  been  discarded  since  non-linear 
effects  (deviations  from  Ohm’s  law)  are  neglected.  The  Lorentz-force  term,  proportional  to 
(v  X  H/c),  has  also  been  dropped  from  the  Boltzmann  equation  since  it  gives  an  effect  which  is 
orders  of  magnitude  smaller  than  those  considered  here  [20]. 


Figure  1.  Schematic  diagram  of  the  scattering  process  at  the  meial-meial  inter¬ 
face.  The  parameter  Sg  defines  the  fraction  controlled  by  the  potentials;  Sg  R  is 
the  probability  of  specular  scattering;  Sg  T  is  the  probability  of  transmission 
(refraction)  into  the  other  metal. 


Because  of  the  boundary  conditions  it  is  useful  to  divide  g,g  into  two  parts:  g,o(v,2)  if 
V,  aO  and  gio(v,r)  if  v,  <  0.  The  boundary  conditions  for  the  potential  (non-diffusive) 


(4) 
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scattering  at  the  (i  J)  interface  then  take  the  form 


Sio  *  ic  Sjo 


Here  which  varies  between  zero  and  one,  is  a  factor  that  indicates  the  degree  of  potential 
scattering  at  the  interface  (ij)  for  an  electron  of  spin  <t  arriving  at  the  interface  from  the  layer  i 
and  being  scattered  into  the  layer  k.  The  scattering  follows  the  reflection-refiaction  laws  when 
all  5  •  1  and  is  completely  diffusive  when  5=0.  The  notation  used  for  the  transmission  T  and 
the  reflection  R  coefficients  is  the  following:  Tj^  ^  e  probability  for  an  electron  of  spin  a  in 
layer  i  to  be  transmitted  (refracted)  into  layer  j  ;  e  probability  for  an  election  of  spin  o 
in  layer  i  with  a  velocity  directed  towards  layer  j  to  be  reflected  back  into  layer  i.  The  equa¬ 
tions  and  boundary  conditions,  as  written,  satisfy  all  necessary  conservation  laws. 


The  functional  dependence  of  the  coefficients  was  delennined  [25]  by  matching  the  free 
electron-like  (plane-wave)  functions  and  their  derivatives  at  each  interface.  The  solution  to  this 
problem,  which  is  identical  to  that  encountered  in  optics  for  an  interface  between  two  media 
with  different  index  of  refraction,  is  shown  schematically  in  figure  1. 


The  current  density  along  the  electric  field  in  each  layer  i  for  electrons  with  spin  o  is 
given  by 


mto 

h 


j  V,  gio(v.r)  d\ 


(5) 


where  h  is  Planck's  constant.  The  conductivity  of  the  multilayer  is  obtained  by  averaging  over 
the  whole  film 


o 


1 

E  d/Um 


i  0»t.i 


The  MR,  (Ap  /  p),  is  found  by  calculating  independently  the  conductivities  on  and  on. 
The  number  of  parameters  necessary  to  characterize  a  structure  is  large.  Associated  with  the 
electrons  in  the  F  layers  are  the  minority  (denoted  using  a  small  subscript  m)  and  the  majority 
(denoted  using  a  capital  subscript  M)  spins  with  effective  masses  and  mm ,  relaxation  times 
and  Xtf ,  and  potentials  V„  and  Vm  .  The  spin-up  and  spin-down  electrons  in  the  spacer  layer 
s  move  in  a  potential  V,  with  an  effective  mass  m,  and  relaxation  time  t, .  At  the  interfaces,  the 
functions  which  vary  with  angle  of  incidence,  describe  the  interfacial  scattering  of  the 

majority  and  the  minority  spins. 

The  values  of  the  potentials  are  determined  by  treating  all  of  the  valence  s  and  d  electrons 
as  being  in  a  single  fiee  electron-like  band  with  an  isotropic  effective  mass.  The  effective  mass 
is,  in  general,  taken  to  be  larger  than  the  electron  mass,  since  the  d  electrons,  which  contribute 
to  the  density  of  electrons,  ate  in  narrower  bands  than  the  free-eleciron-Uke  s  electrons.  Within 
the  F  layers  the  bands  for  the  minority  and  the  majority  spins  are  shifted  by  a  t  -independent 
exchange  potential,  yielding  two  different  spin-dependent,  constant  potentials,  V„  and  Vh-  The 
value  of  the  exchange  splitting  is  chosen  so  that  the  difference  in  the  density  of  the  majority  and 
the  minority  electrons  yields  the  net  magnetic  moment  of  the  bulk  ferromagnetic  material. 


3.  RESULTS 

The  theory,  as  developed  thus  far,  includes  eleven  parameters  and  eight  angular  functions: 
three  effective  masses  ,  m,, ,  and  m, ; 
three  constant  potentials  Vi^,V„,  and  V, ; 
three  relaxation  times  Xu,x„,  and  x, ; 
two  thicknesses  df,  and  d,; 
and  eight  interface  scattering  functions 

and  S,_F\F.in- 
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The  results  presented  here  include  only  the  cases  for  which  the  relaxation  times  are  identi¬ 
cal  T  ■  =  t,.  (The  mean  free  paths  of  the  minority  and  the  majority  spins  within  the  F 

layers  and  for  the  spacer  metal  are  still  different,  however,  since  the  Fermi  velocities  are 
differenL)  The  interfaces  are  treated  in  two  different  ways.  In  the  first  approach  the  angular 
dependence  of  the  functions  is  neglected  and  the  eight  functions  are  replaced  by  two  con¬ 
stants 

=  Stt 

Now  the  system  is  defined  by  eleven  constants. 

In  the  second  approach  the  different  angular  dependences  in  various  are  explicitly 
included. 

Results  are  given  lor  two  different  multilayer  systems,  (Fe/Cr).  and  (Fe^u)..  In  these 
three  metals  the  isotropic  effective  mass  is  assumed  to  be  independent  of  the  material  and  spin 
orieniadon  with  a  value  mt,  =  m„  =  m,  =  4.0  x  free-electron  mass.  With  this  effective  mass 
the  potentials,  with  respect  to  the  Fermi  energy  £/r  chosen  to  be  at  =  0,  are 
Vv  =  -  8.23  eV ,  V„  =  -  5.73  «V  for  Fe; 

V,  =  -  5.77  eV  tor  Cr. 

V;  =  -  8.54  eV  for  Cu. 

The  parameters  that  remain  to  be  specified  for  each  case  -  (Fe/Cr),  and  (Fe^u).  -  in  the 
constant-5  approximation  ate  altogether  five;  (A)  two  geometric  parameters  df  and  d,;  (B)  one 
relaxatitm  time  t,  which  depends  on  bulk  sample  properties;  and  (C)  two  interface  scattering 
parameten  Su .  5.  (diffuse  scattering  versus  potential  scattering  at  the  interfaces  for  the  majority 
and  the  minority  spins  respectively). 


Figure  2.  The  region  in  the  two-dimensional  parameter  space  (5m. 5„)  where 
(Ap/p)>0.2  for  dir=20X,  d,  =  loK  ,  and  x  =  5.0  x  ICT'^s.  (a)  Potential 
parameters  corresponding  to  (Fe/Cr),.  (b)  Potential  parameters  corresponding  to 
(Fe/Cu).. 


Hgure  3.  Variation  of  (Ap  /  p)  as  a  funcuon  of  for  the  parameters  of 
(Fe/Cr),,  t  =  5.0  X  ICT'^i,  de  -d,  =  lOX  and  three  values  of  S14:  (1)  dashed 
curve  Su  =  U  (2)  chain  dotted  curve  Su  =  O.S;  and  (3)  solid  curve  Su  =  0. 


Figure  4.  Vanaiion  of  (Ap  /  p)  as  a  function  of  df  for  the  parameters  of 
(Fe/Cr),,  d,  -  10 K  .  t  =  5.0  x  10"” j  and  three  different  values  of  and  S„: 
(1)  chain  dotted  curve  5^  =  S„  =  0.8;  (2)  dashed  curve  5*,  =  0.  =  1;  and  (3) 

solid  curve  Su  =  1,  5„  =  0. 
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Even  with  these  simplifications,  the  phenomena  under  consideration  are  complicated  func¬ 
tions  of  the  S  variables,  and  the  task  of  describing  these  dqxndencies  is  not  simple.  In  general 
terms,  and  with  exceptions,  it  is  found  that  (Ap  /  p)  is  a  strong  function  of  the  interface  parame¬ 
ters  Sit  and  ,  and  a  reladvely  weak  function  of  the  thicknesses  and  the  mean  fiee  path.  For 
example,  as  Sn  and  independently  vary  between  0  and  1,  the  calculated  (Ap  /  p)  varies 
betwm  0  and  92.7%  for  (Fe/Cr).  and  0  and  94.4%  for  (Fe/Cu), ,  when  values  of  df  =  20.0  X  ; 
d,  -  10.0  X  and  t  =  S.O  x  10^‘’ s  are  chosen.  Figure  2  shows  the  regions  in  the  two- 
dimensional  (Si/  -  S„)  parameter  ^ace  where  (Ap  /  p)  is  greater  than  20%  for  these  values  of 
df_  d,,  and  t.  With  this  choice  of  t,  the  mean  free  paths  are:  (0  4,250  X  for  the  majority-spin 
and  3,540  X  for  the  minority-spin  electrons  in  Fe;  (ii)  3,560  A  for  electrons  in  Cr;  and  (iii) 
4330  X  for  electrons  in  Cu.  These  values  correspond  to  all  mean  free  paths  which  are  orders  of 
magnitude  larger  than  the  film  thicknesses,  i.e.,  the  clean-film  limit,  where  interface  effects  are 
supposed  to  be  paramount. 

Some  of  the  interesting  results  of  the  calculations  are  illustrated  in  figures  2-6.  It  was 
found  in  general  that: 

(A)  (Ap  /  p)  is  in  general  small  (only  a  few  percent)  when  Sn  =  5. .  except  [26] 
when  both  patameteis  are  very  close  to  1  (see  figures  2  and  3). 

(B)  (Ap  /  p),  as  a  function  of  df ,  exhibits  a  variety  of  behaviors  which  include  (i)  a  mono¬ 
tonic  decrease  with  increasing  df\  and  (ii)  an  initial  increase  followed  by  a  decrease  (a  single 
maximum):  in  all  cases  the  asymptotic  value  as  ->  »  is  zero  (see  figure  4). 

(C)  (Ap  /  p),  as  a  fimction  of  increasing  d,,  exhibits  either  (i)  a  continuous  monotonic 
decrease,  or,  most  commonly,  (ii)  a  single  maximum  at  a  value  of  d,  of  the  order  of  d^;  the 
asyoiptocic  value  as  d,  -» <»  is  also  zero  (see  figure  5). 

(D)  (Ap  /  p),  as  a  function  of  the  relaxation  time  z,  either  (i)  increases  monotonically  and 
<anir«n>«  at  a  maximum  value,  or,  most  commonly,  (ii)  increases  to  a  maximum,  and  then  very 
gradually  decreases  (see  figure  6). 


•.00,0  150.0  200.0  2500 


Figure  S.  Variation  of  (Ap  /  p)  as  a  function  of  d,  for  the  parameters  of  (Fe/Cr), , 
df  =  20X  ,  t  =  S.O  X  KT'^s  and  different  values  of  Su  and  S„:  (1)  solid  curve 
Sm  =  I,  5™  =  0;  (2)  dashed  curve  Su  =0,  S„  =  1;  and  (3)  chain-doued  curve 
Sm=S„=0.9. 
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Figure  2  contains  infonnaiion  on  how,  for  specific  values  of  dp,  d,,  and  t.  the  quality  of 
the  interfaces  influences  the  MR.  It  is  evident  from  the  figure  that  the  region  of  large  MR  is 
close  either  to  the  line  =  1.  or  to  the  line  S.  =  1.  and  away  from  the  line  Su  =  S, .  There  is 
a  very  large  asymmetry  between  5^  and  in  (Fe/Cr).,  but  considerably  less  so  in  (FeAi^u).. 

A  more  realistic  approach  to  the  diRiiae-vetsus-poiential  scattering  at  the  interface  requires 
a  fuU  angular  dependence  of  the  eight  functions  In  general  [27-30]  the  diffuse  scattering 

is  considerably  larger  for  electrons  impdiging  upon  the  interface  in  directions  close  to  the  nor¬ 
mal.  Grazing-angle  electrons  ate  less  effectively  scaoered.  and  they  tend  to  be  almost  com¬ 
pletely  internally  reflected.  A  commcm  (fim-order)  approximation  to  these  fimctioos  [27-30]  is 


SijjM  =  S„  exp  [-4q’(t,o  cose,)^]  ; 

(6) 

S./uio  =  Sa  exp  cosBi-kjg  cose^)^] 

(7) 

Here  q  is  a  parameter  which  depends  on  the  roughness  of  the  interface  as  well  as  the  strength 
and  physical  distribution  of  the  scattering  centers  at  the  interface.  is  the  magniuide  of  the  k- 
vector  at  the  Fermi  sphere  of  the  spin-o  electrons  in  layer  i ,  and  8i  is  the  angle  between  the 
electron  velocity  and  the  normal  u>  the  interface;  is  the  overall  diffuse  scattering  strength  at 
grazing  angle  9  =  ic/2.  &  should  be  noted  that  the  limit  q  =  0  reduces  the  approximation  to  the 
one  previously  discussed. 

Figure  7  shows  the  influence  of  this  angular  dependence  on  the  MR.  As  q  increases,  the 
MR  in  general  decreases,  except  for  the  case  in  which  and  are  very  close  in  value;  in  the 
latter,  the  difference  in  k-vector  between  the  two  spins,  and  the  non-vanishing  q  produce  an 
asymmetry  in  the  diffuse  interface  scattering  between  the  spots,  and  thus  increases  the  MR. 


o 


Figure  6.  Variation  of  (Ap  /  p)  as  a  function  of  x  for  the  parameters  of  (Fe/Cr),, 
d,  =  loX,  dp  =  2oX  ,  and  three  different  values  of  Su  arid  5.:  (1)  chain  dotted 
curve  Su  =0  and  Sm  =  0.7;  (2)  dashed  curve  Sm  -  0.5  and  5.  =  1;  and  (3)  solid 
curve  S/n  =  1  and  =  0. 
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Hguie  7.  Variation  of  (Ap  /  p)  as  a  function  of  ii  for  the  parameters  of  (Fe/Cr), , 
d,  =  IQ  A,  df  =  DU  X  and  two  different  values  of  Sg  in  equations  (6)  and  C7):  (1) 
solid  curve  Stt  =  =  I;  and  (2)  dashed  curve  Sn  =  0.  5.  =  1. 


4.  DISCUSSION  AND  CONCLUSIONS 

Hgtne  2(a)  shows  a  matked  asymmetry  in  the  dependence  of  (Ap  i  p)  for  (Fe/O),  on  5m 
and  5«,  m.,  the  majority-  and  minority-spin  interface  scattering  have  a  very  different  effect  on 
the  MR.  For  this  system 

IVmI  <  IV,I  =  IV«I  . 

By  contrast,  a  large  asymmetry  is  not  present  in  (Fe/Cu), ,  hgure  2(b).  Here 

IV.l  =  1V„I  <  IV„I  . 

The  difference  in  V,  has  a  large  effect  on  the  MR,  as  can  be  seen  in  plots  of  the  in-plane  current 
distribution  across  the  layers  (25).  In  many  cases  when  (Ap  /  p)  is  very  large,  the  current  distri¬ 
bution  responsible  for  the  large  value  of  on  is  such  that  it  is  highly  concentrated  in  one  type  of 
layer,  either  in  the  ferromagnet  or  in  the  spacer.  This  effect,  which  can  be  called  channeling. 
appears  frequently  when  there  is  a  GMR.  When  the  channeling  is  in  the  spacer  layer  it  occurs 
only  when  there  is  parallel  alignment.  Channeling  in  the  FM  layers,  on  the  other  hand,  occurs 
(in  one  type  of  F  layer  for  each  electron  spin  orientation)  for  both  the  parallel  and  the  antipaial- 
Iri  configurations,  ^m  these  considerations  it  is  obvious  that  channeling  in  the  spacer  layer 
should  be  more  intimately  connected  with  a  GMR.  It  should  be  emphasized  that  channeling  is 
present  when  the  potemUs  are  different;  GMR  requires,  in  addition,  asymmetric  values  of  Sg. 
Qianneling  and  GMR  are  strongly  correlated  (31). 

The  experimentally  observed  values  of  MR  in  (Fe/Cr),  and  (Fe/Cu),  multilayers  can  be 
matched  by  the  calculation  with  a  proper  choice  of  the  parameters.  However,  the  model  in  its 
present  form,  which  considers  ail  of  the  valence  s  and  d  electrons  as  comprising  a  single  band 
with  a  single  isotropic  effective  mass,  yields  effective  resistivities  prr  and  pn  which  are  about 
an  order  of  magnitude  smaller  than  those  measured  in  multilayer  structures.  The  effective  resis¬ 
tivities  ate  too  small  because  the  model  has  too  many  fiee-electron-like  conduction  electrons; 
eight  in  Fe,  six  in  Cr,  and  eleven  in  Cu.  Prc^r  consideration  must  be  taken  of  the  fact  that,  in 
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these  metals,  s  and  d  electrons  contribute  very  diflerently  to  the  transport  properues.  The  nar¬ 
row  character  of  the  -bands  has  been  accounted  for  in  the  single-band  approach  by  a  single, 
large,  isotropic  effective  mass,  four  times  larger  than  the  free-electron  mass.  A  beuer  approach  to 
the  problem  would  be  to  include  a  realistic  band  structure  with  iu  12  bands,  wide  and  narrow,  as 
well  as  the  hybridization  and  spin  polarization  Such  a  treatment  would  make  the  calculations 
much  more  involved. 

Within  the  confines  of  a  single-band  model  a  simple,  nauiral  way  to  decrease  the  number 
of  conduction  electrons  is  by  reducing  the  density  of  the  electrons  in  each  layer  by  a  constant 
scaling  factor,  y.  independent  of  the  material  and  the  spin  of  the  electron.  It  should  be  stressed 
that  the  introduction  of  such  a  scaling  factor  does  not  change  the  form  of  the  results  found 
above.  The  number  of  electrons  and  the  magnetization  decreases  by  a  factor  of  y.  The  resistivi¬ 
ties  pn  and  pn  increase  by  a  factor  of  about  y,  and  (Ap  /  p)  decreases  by  a  factor  of  about  y^ . 
A  value  of  y  =  8  was  chosen  for  making  comparisons  with  experimental  dau.  With  this  value  the 
number  of  effective  fiee-electron-Iike  conduction  electrons  are:  1.00  in  Fe,  0.75  in  Cr,  and  1.38 
in  Cu.  Calculations  were  able  to  yield  values  of  the  MR  and  the  resistivities,  pit  and  pn,  similar 
to  those  measured  experimentally. 

Baibtch  et  al.  [4]  found  that  a  multilayer  of  (Fe  30  X/Cr  9  X)to  .  prepared  by  molecular 
beam  epitaxy,  had  (Ap  /  p)  =  0.46  and  a  absolute  resistivity  change  of  about  23  pCi  cm.  With 
Sti  =  02.3,  S„  =  0.98,  df  =  3oX  ,  d,  =  9X  and  t  =  1  x  l(r”j  values  of  pn  =  30.6  pfl  cm 
and  pn  =  S6.6  (iQ  cm  were  calculated,  which  corresponds  to  (Ap  /  p)  0.46  for  the  MR. 
Experimental  values  of  p  are  between  20  and  80  pQ  cm .  With  this  choice  of  y,  t,  and  effective 
mass  (i.e.,  an  effecrive  mass  of  four  times  the  electron  mass),  the  bulk  mean  free  paths  are:  425 
X  for  the  majority-spin  and  354  X  for  the  minority-spin  electrons  in  Fe;  and  356  X  for  the  elec¬ 
trons  in  Cr. 

Pitroff  et  al.  [14]  report  that  a  multilayer  (Fe  IS  X/Cu  IS  X)eo  made  by  sputtering,  had 
the  following  characteristics:  pn  =  24.8  (iQ  cm.  pn  =  27.8  pfl  cm.  and  (Ap  /  p)  =  0.108.  With 
S„  =  0.71,  Sm  =  0.92.  df  =  d,  =  ISX  and  t  =  1  x  ir”s  values  of  pn  =  25.2  pO  cm  and 
pn  =  28.3  pfl  cm  were  calculated,  which  correspond  to  (Ap  /  p)  =  O.ll.  Here  the  bulk  mean 
free  paths  are:  425  X  for  the  majority-spin  and  354  X  for  the  minority-spin  electrons  in  Fe;  and 
433  X  for  the  electrons  in  Cu. 

As  clearly  seen  above,  a  large  MR  requires,  in  general,  a  large  difference  in  interface 
scattering  for  the  different  spins.  When  Sm  =  S„  the  MR  is  found  to  be  not  more  than  a  few 
percent.  Therefore  a  large  MR  cannot  be  explained  as  being  caused  solely  by  different  densities 
of  electrons  with  different  spins,  which  vary  from  layer  to  layer.  What  is  required  is  a  spin 
imbalance  and  a  spin-dependent  scattering  mechanism  at  the  interface,  i.e.,  Sm  *S„.  When 
such  a  spin-dependmt  scattering  mechanism  exists,  for  example  when  magnetic  impurities  are 
present  at  the  interfaces,  the  MR  is  profoundly  influenced  by  spatial  variations  in  the  density  of 
electron  spins.  This  is  the  main  cause  of  the  CMR  effect  in  ferromagnetic  multilayers. 
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as  can  be  seen  from  the  case  shown  in  figure  3  [  (Op  /  p)  =  0  for  Su  =  =  1:  the 

cunent  distribution  is  nevertheless  concentrated  in  the  ferromagnetic  layers].  The  GMR 
apptaK  when,  in  the  parallel  arrangement,  there  is  channeling  for  only  one  spin  and 
diffuse  interface  scattering  for  the  other  one.  In  that  case,  in  the  antiparallel  arT3nge^!en^ 
both  ^ins  partake  in  the  diffuse  scattering,  and  the  long  electron  uajectories  (and  the 
channeling)  are  lost. 
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ABSTRACT 

We  present  evidence  for  a  new  type  of  giant  magnetoresistance  in  (111)  cobalt- 
copper  superlattices  vi/ith  atomically  smooth  Interfaces.  We  propose  that  the  lowered 
dimensionality  of  the  structure  leads  to  an  enhancement  of  the  scattering  of  conduction 
electrons  from  paramagnetic  interfaces  obeying  a  Langevin-Iike  saturation  at  very  high 
fields,  well  beyond  the  switching  field  of  the  Co  layers.  The  findings  help  to  explain 
similarities  in  magnetotransport  behavior  with  recently  reported  granular  systems  as  well 
as  differences  with  antiferromagnetically  coupled  multilayers. 


INTRODUCTION 

Several  groups*-^  have  reported  magnetoresistance  (MR)  values  in  MBE-grown 
Co-Cu  (111)  superlattices  approaching  the  'giant'  effects  associated  with 
antiferromagnetic  (AFM)  coupling  in  Fe-O  samples^.  Whether  the  MR  behavior 
observed  in  Co-Cu  (111)  samples  also  originates  from  AFM  coupling  is  somewhat  unclear 
at  this  point:  their  magnetization  seems  to  be  predominantly  ferromagnetic  in  characier 
with  only  a  small  fraction  of  the  sample  showing  indications  of  AFM  coupling.^  In 
another  recent  experiment^  on  Co-Cu  (111)  multilayers  grown  on  Cu  single  crystal 
substrates,  there  was  no  consistent  evidence  of  AFM  coupling. 

Sample  defects  have  been  invoked  as  a  possible  explanation  of  why  AFM  may  be 
masked  in  the  ^-Cu  (111)  system.  For  example,  it  has  been  suggested  that  stacking 
faults'^  and  pinholes^  may  lead  to  ferromagnetic  bridging  across  neighboring  layers.  Well- 
controlled  sample  growth  and  detailed  atomic-scale  characterization  are  therefore  crucial 
to  understanding  the  magnetic  behavior  of  these  materials. 

Here  we  present  MR  and  magnetization  results  on  a  series  of  (111)  single  crystal 
Co-Cu  superlattices,  prepared  by  molecular  beam  epitaxy  techniques  with  atomically 
smooth  interfaces.  We  observe  the  appearance  of  a  new  type  of  giant  magnetoresistance, 
one  which  is  not  dependent  on  AFM  coupling  and  is  operative  up  to  high  magnetic  fields. 
By  careful  control  of  the  interfacial  quality,  and  consequently  the  uniformity  of  the 
layering,  we  are  able  to  probe  in  some  detail  the  role  of  the  interfaces.  In  the  limit  of 
atomically  smooth  interfaces,  our  results  suggest  that  the  lowered  dimensionality  of  the 
interfaces  dominates  the  behavior  rather  than  sample  defects. 


SAMPLE  GROWTH  AND  CHARACTERIZA'nON 

The  series  of  samples  were  grown  by  molecular  beam  epitaxy  on  Ge-buffered  (110) 
GaAs  substrates.  Buffer  layers  of  IsA  (110)  bcc  Co,  followed  by  20A  (111)  Au,  were 
deposited  on  the  Ge  to  initiate  layer-by-layer  superlattice  growth  in  the  (111)  orientation. 
The  subsequent  superlattice  layers  were  of  the  form  (Co(7.5ML)/Cu(xML)]p  with  x  =  2  to 
17  ML;  n,  the  number  of  bilayers,  was  typically  30.  The  pressure  during  superlattice 
growth  was  <4x10'^*’  mbar,  and  the  substrate  temperature  was  held  at  150°C  Co  was 
deposited  from  an  electron  beam  hearth  at  rates  between  O.IS  and  0.30A'’  sec,  and  Cu 
from  a  Knudsen  cell  at  a  rate  of  0.32SA/$ec.  The  thickness  variations  of  individual  layers 
of  Co  and  Cu  were  controlled  to  about  0.1  ML.  Details  of  the  growth  are  described  in  a 
previous  publication^.  The  growth  was  monitored  in-sim  by  reflection  hi^  energy 
electron  diffraction  (RHEED)  using  a  CCD  imaging  and  analysis  systemic.  X-ray 
scattering  Mrformed  after  growth  confirmed  that  the  layer  stacking  was  fee  in  the  (111) 
orientation’. 
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A  critical  aspect  of  the  interface  characterization  involved  spin-echo  NMR 
measurements  of  the  local  cobalt  environment.  These  results  are  describe  in  a  separate 
publication*’:  suffice  it  to  point  out  here  that  the  Co  NMR  spectra  provide  definitive 
evidence  for  atomically  abrupt  interfaces  in  these  samples.  The  high  quality  of  our  MBE 
samples  is  illustrated  by  cross-sectional  HRTEM  (Fig.  1).  Note  that  the  atomic  layers  are 
coherent  over  hundreds  of  A.  Our  TEM  studies  do  not  support  the  existence  of  gross 
defects'*’^  of  the  kind  that  may  give  rise  to  ferromagnetic  bridgi^. 

The  MR  measurements  were  made  using  the  standard  DC  4-point  probe  technique, 
with  the  field  applied  parallel  to  the  current  (longitudinal  MR),  lire  magnetization  was 
measured  in  a  commercial  SQUID  magnetometer  and  the  measured  saturation  moments 
are  within  5%  of  the  bulk  value  of  Co.  Both  the  magnetization  and  MR  measurements 
were  made  for  the  fields  applied  in  the  growth  plane  along  the  [110]  and  [112]  directions 
of  the  superlattice*^. 


Fig.  1:  High  resolution  transmission  electron  micrograph  of  cross-section  of  x  =  5.5  ML 
sample.  The  bilayer-periodicity  (27 A)  is  indicated  by  the  arrows. 


COMPARISON  OF  MAGNETIZATION  BEHAVIOR  AND  MAGNETORESISTANCE 

Fig.  2  compares  the  MR  of  an  x  =  5.5  ML  sample  with  its  magnetization  for  fields 
applied  along  the  [112]  direction.  Immediately  it  is  apparent  that  the  magnetization 
saturation  field  is  more  than  100  times  smaller  than  that  of  the  MR.  In  fact  the  MR  is  still 
changing  significantly  at  the  highest  field  we  can  achieve  in  our  cryostat  (5T).  Some 
authors  have  ascribed  this  high-field  behavior  of  the  MR  to  very  strong  AFM 
coupling*'^-*.  Here  we  provide  an  alternative  explanation  which  resolves  the 
discrepancy  between  the  different  saturation  behaviors  of  the  MR  and  the  magnetization. 

Fig.  3  again  compares  the  MR  with  the  magnetization,  except  this  time  focusing  on 
the  low-field  regime.  The  data  shown  are  for  a  sample  with  4  ML  Cu  spacer-layer 
thickness,  which  is  slightly  thinner  than  that  for  the  data  shown  in  Fig.  2.  Note  that  the 
MR  is  about  3  times  smaller  in  the  4  ML  sample  than  in  the  5.5  ML  sample.  The  data  in 
Fig.  3  exhibit  small  and  hysteretic  dips  (-0.4%)  at  low  fields  which  correlate  with  the 
switching  fields  of  the  magnetization.  Thick  Co  films  grown  by  the  same  techniques  also 
exhibit  such  low  field  features  which  evidently  arise  from  anisotropy  induced  spin- 
dependent  scattering  in  Co.  There  is  no  such  dip  in  the  giant  MR  signal  of  the  5.5  ML 
sample  [see  inset  of  Fig.  2(a)j.  On  all  our  samples  we  observe  that  the  giant  values  of  MR 
and  the  presence  of  the  hysteretic  magnetization-dependent  MR  are  mutually  exclusive. 
As  discussed  below,  this  turns  out  to  be  an  important  clue  as  to  the  origin  of  the  giant  MR 
in  these  samples. 
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Fig.  i-- 


a)  T  =  300K  magnetoresistance  vs. 
field  (Tesla)  for  a  (Co  7.5  MlTCu 
5.SML]2j  superlattice.  The  dashed 
line  is  a  theoretical  fit  to  the 
Langevin  function  described  in  the 
text,  where  N  =  4S0  and  8  =  0.194. 
Inset:  low-field  MR  vs  field 
dependence. 

b)  Magnetization  curve  for  same 
sample.  M^g,  =  1400  emu/cm^.  Inset: 
low-field  magnetization  curve. 
T  =  300K. 
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Fig.  3: 


a)  T  =  300K  low-field  MR  vs.  field 
(Tesla)  for  a  [Co  7.5  ML/Cu  4  MLJgo 
superlattice.  Inset:  High  field  MR  vs 
field  dependence. 

b)  Magnetization  curve  for  same 
sample.  Mjg,  =  1400  emu/cm-’.  Inset: 
High  field  magnetization  curve. 
T  =  300K. 
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The  field  dependence  of  the  MR  shown  in  Fig.  2(a)  can  be  described  accurately  by 
a  Langevin-like  saturation  function,  1  •  6(cotha-  l/a],  where  a  =  B  is  a  scale 

factor  and  is  the  Bohr  magneton.  This  specific  field  dependence  suggests  that 
scattering  from  an  assemblage  of  paramagnetic  spins,  most  likely  at  the  interfaces 
between  Co  and  Cu  layers,  is  responsible  for  the  giant  MR  in  our  sa»i.;'Ies.  Such  "loose" 
spins  have  been  postulated^^  to  account  for  the  observation  of  biquadratic  coupling  in 
ideal  multilayers.  We  also  note  the  possibility  that  the  Cu  conduction  electron  band  could 
itself  become  partially  polarized  in  proximity  to  the  Co  layers*'*. 

It  is  interesting  to  point  out  here  that  the  character  of  the  paramagnetism  is  not  that 
of  isolated  spins;  rather,  we  find  that  there  are  substantial  correlat'ons.  akin  to  a  sup  r- 
paramagnetic  layer.  We  envision  the  paramagnetic  spin  arrangement  as  forming  small 
patches  of  correlated  spins  of  size  VN.  The  values  of  N  returned  by  the  Langevin  fit  at 
ambient  temperature  are  roughly  500,  falling  approximately  linearly  towards  unity  at  TaO 
(Fig.  4),  presumably  as  more  and  more  of  the  interface  spins  lock  into  the  (saturated)  bulk 
Co  magnetization.  The  value  of  8,  corrected  foi  electron-phonon  scattering,  is  practically 
temperature  independent  showing  that  the  temperature  dependence  is  controlled  by 
coupling  to  the  bulk  ferromagnetic  magnetic  moment.  We  note  in  passing  that  the.se 
findings  make  contact  with  recent  observations  of  giant  MR  in  annealed  granular  Co-Cu 
films.  In  these  systems  the  field  dependence  is  also  Langevin-like,  very  similar  to  that 
described  here,  indicating  the  importance  of  specular  scattering  at  the  surfaces  t^f  the 
precipitates  in  the  granular  systems. 


0.0  2.5  5  0 
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Fig.  4;  Field  dependence  of  MR  at  two  different  temperatures.  The  solid  lines  are  fils  to 
the  Langevin  function  described  in  the  text.  Inset:  number  of  correlated  spins  as  n 
function  of  temperature. 


The  field  dependent  MR  results  discussed  here  point  to  a  new  mechanism  for  GMR 
that  depends  on  the  high  electron  reflectivity  of  the  interfaces,  not  the  ferromagnetic  spins 
in  the  Co  layers,  since  the  Co  layers  are  already  fully  saturated  at  low  fields.  Hie 
traditional  spin  dependent  scattering  mechanism,  as  it  has  been  discussed  previously^  in 
the  context  of  AFM  coupling  is  not  present  in  the  results  discussed  here,  since  it  requires 
one-to-one  correlation  between  MR  and  magnetization.  However,  in  the  sputtered 
samples,  which  typically  have  somewhat  diffuse  interfaces,  it  describes  the  MR  rather 
well.i* 

Lastly,  we  mention  briefly  the  Cu  thickness  dependence  of  the  MR.  We  have 
observed  very  abrupt  increases  in  the  MR  at  tc.  -  5.5  ML.  This  is  not  indicative  of  an 
oscillatory  interlayer  coupling;  rather,  the  discrete  nature  of  the  thickness  depiendence 
suggests  quantum  confinement  of  the  conduction  electrons  in  the  Cu  layers.  A  number  of 
previous  publications  have  reported  evidence  for  quantum  well  states*’^  in  metal 
overlayers.  It  is  not  clear  why  the  peaks  in  the  MR  occur  at  the  specific  Cu  layer 
thicknesses  we  observe  (multiples  of  -  5  ML).  One  possible  explanation  invokes  the 
intersection  of  quantized  mini-zone  boundaries  with  specific  regions  of  the  Cu  Fermi 
surface,  leading  to  a  significant  reduction  in  conductivity  as  a  result  of  the  alteration  of  the 
bulk-like  density  of  states.  The  bulk  Cu  Fermi  surface  is  nearly  spherical  with  "necks” 
along  the  [111]  directions  near  the  L-point  of  the  Brillouin  zone.  The  wavevectors  that 
span  the  Fermi  surface  are  the  "belly"  vector,  kg  =  1.35A  ',  and  the  "neck"  vector,  = 
0.26A'.  Such  an  intersection  at  the  necks  for  the  (III)  growth  direction  occurs  at  an 
estimated  wavevector  ~  0.28A  *.**  At  multiples  of  this  wavevector  one  might  expect  the 
largest  effects  in  the  MR.  In  real  space  these  vectors  correspond  to  Cu  thicknesses  in 
multiples  of  ii/0.28A-'  -  1 1.SA  (5.5  ML). 


CONCLUSIONS 

In  light  of  the  above  interpretation,  what  are  the  consequences  for  interlayer 
coupling?  Due  to  enhanced  scattering  by  the  interfacial  paramagnetic  layers,  we  suggest 
that  the  exchange  interactions  between  the  neighboring  magnetic  Co  layers  are 
significantly  weakened.  We  find  that  for  the  superlattices  with  the  smoothest  interfaces, 
the  low-field  magnetization  dependant  MR  is  completely  absent.  In  this  case  we  perhaps 
obtain  complete  confinement  in  the  Cu  layers,  so  that  the  conduction  electrons  are 
'rattling'  between  neighboring  Co  layers.  We  emphasize  that  the  amount  of  confinement 
would  be  very  sensitive  to  the  quality  of  the  interfaces  and  it  can  vary  through  the  sample 
and  from  sample  to  sample.  Magnetic  neutron  scattering  on  our  5.5  ML  and  1 1  ML 
samples  has  so  far  revealed  no  evidence  for  coupling,  consistent  with  the  picture 
described  above.  We  believe  the  presence  of  AFM  coupling  and  the  absence  of  high-field 
MR  in  sputtered  films  are  the  result  of  atomically  rough  interfaces.  In  this  case  there 
would  be  no  confinement.  The  observed  giant  MR  in  such  samples  arises  from  the  spin- 
dependent  AFM  scattering  mechanism. 

In  Summary  we  have  demonstrated  what  we  believe  is  a  new  type  of  high  field  MR 
mechanism  which  results  from  scattering  of  conduction  electrons  from  paramagnetic  Co- 
Cu  interfaces.  We  hope  that  our  results  will  stimulate  additional  theoretical  work  in  this 
area. 
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Abstract 

The  magnetoresistance  of  MBE  deposited  Co/Cu(lll)  superlattices  as  a  function  of  Cu  layer 
thickness  is  studied  at  various  growth  temperatures.  Wedged  superlattices  are  fabricated 
with  uniform  Co  layers  but  with  Cu  layers  whose  thickness  varies  with  position  along  the 
length  of  the  substrate.  Cu  thickness  is  varied  over  the  range  7-75A.  Only  one  maximum  in 
magnetoresistance  (MR)  is  observed  for  a  Cu  layer  thickness  ~  lOA  for  all  growth  temper¬ 
atures  studied  (0°,  150°,  200°C).  The  optimal  magnetoresistance  values  are  achieved  with 
150°C  growth  temperature. 


1  Introduction 

The  Co/Cu  multilayer  system  has  received  much  attention  because  record  values  of  mag¬ 
netoresistance  (65%  at  room  temperature)  are  observed  in  polycrystalline-sputtered  Co/Cu 
maltilayers[l].  This  giant  magnetoresistance  (GMR)  is  associated  with  antiferromagnetic 
;  exchange  coupling  between  alternating  Co  layers,  and  the  exchange  coupling  is  itself  oscil- 

laloty  with  Cu  layer  thickness,  oscillating  between  antiferromagnetic  (AFM)  and  ferromag- 
I  netic  (FM)  coupling  with  increasing  Cu  layer  thickness[2,  3].  Such  sputtered  multilayers  are 

»  weakly  textured  in  the  (111)  orientation.  However,  GMR  and  oscillatory  exchange  coupling 

have  proven  elusive  in  single-orientation  (111)  multilayers  of  Co/Cu  grown  by  MBE. 

Prior  to  1992,  a  number  of  groups  published  results  showing  neither  GMR  nor  oscillatory 
exchange  coupling  in  (111)  Co/Cu  multilayers[4,  5,  6].  Then  in  1992,  GMR  was  observed 
by  several  groups(7,  8,  9,  10,  11],  but  only  at  one  Cu  layer  thickness  (2:  lOA),  so  there 
was  no  evidence  for  oscillatory  exchange  coupling.  It  was  found  that  subtle  defects  appear  to 
quench  the  AFM  coupling  (and  hence  GMR)  so  that  even  samples  deposited  under  nominally 
identical  conditions  on  similar  substrates  could  show  large  variations  in  GMR[11]. 

The  search  for  oscillatory  exchange  coupling  in  Co/Cu(lll)  continues  in  1993  with  sev¬ 
eral  groups  having  made  more  in-depth  studies  of  the  magnetic  and  transport  properties  of 
such  multilayers[12,  13,  14,  15,  16,  17).  The  results  from  these  studies  are  not  at  all  in  agree¬ 
ment,  and  naturally  highlight  different  growth  and/or  measurement  techniques.  Our  partic¬ 
ular  approach  focuses  on  improving  reproducibility  in  sample  preparation,  and  on  structural 
characterization  of  our  samples  to  try  to  identify  defects  which  might  inhibit  AFM  coupling. 


2  Experiment 


The  substrates  for  film  growth  are  basal-plane  sapphire  strips  (Insaco  Inc.).  Single  samples 
were  deposited  on  25mm  diameter  substrates,  and  wedged  samples  onto  rectangular  sub¬ 
strates  about  50mm  long  by  11mm  wide.  The  back  sides  of  the  wedge  substrates  are  scribed 
to  a  depth  of  0.25mm  (one  half  their  thickness)  at  2mm  intervals  across  the  along  the  length 
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Figure  1:  Schematic  diagram  of  the  Co/Cu(Ul)  wedged  superlattices. 


of  the  strip.  After  growth  of  the  superiattice,  these  strips  can  be  broken  into  many  pieces  for 
measurement  of  magnetoresistance. 

The  SL’s  are  prepared  in  a  VG-80M  system  with  a  base  pressure  of  4xl0~"mbar.  Elec¬ 
tron  gun  sources  are  used  for  the  deposition  of  Pt  and  Co  films,  and  an  effusion  cell  is  used  for 
the  deposition  of  Cu.  Growth  rates  in  the  range  of  0.1-0.25 A/s  ye  typically  used.  Epitaxy 
with  the  sapphire  substrate  is  achieved  with  the  growth  of  a  60A  Pt  buffer  layer  at  600°C, 
which  grows  in  the  [111]  orientation.  The  Co/Cn  SL’s  are  then  deposited  at  0°,  150°,  or 
200°C  on  the  Pt  buffer  layer,  befpnning  and  ending  with  Co,  including  31  Co  layers  and  30 
Cu  layers.  Finally,  a  30A  Pt  capping  layer  is  deposited  to  prevent  sample  oxidation. 

The  final  structure  of  the  superiattice  wedges  is  depicted  in  figure  1.  The  thickness 
variation  of  the  Co  spacer  layers  is  obtained  by  orienting  the  effusion  cell  at  about  30°  to 
the  sample  surface  normal  direction,  with  a  sample  to  source  distance  of  about  30cm.  This 
gives  rise  to  a  copper  deposition  rate  which  varies  by  more  than  a  factor  of  2  over  a  two-inch 
sample.  All  of  the  SL’s  and  structures  discussed  here  show  good  crystalline  ordering,  as 
determined  by  RHEED  and  LEED.  The  Co/Cu  [111]  texture  axis  for  these  samples  had  a 
dispersion  of  0.5°  FWHM[11). 

3  Results 


Figure  2  (a)  shows  the  room  temperature  magnetoresistance  (MR)  measurements  made  on  a 
number  of  samples  grown  one  at  a  time  onto  1”  sapphire  substrates.  Note  there  is  evidence 
for  a  single  peak  in  MR  for  Cu  layer  thickness,  tca=  9k.  However,  there  is  significant  scat¬ 
ter  in  the  data  due  to  uncontrolled  variations  in  sample  preparation.  Such  uninterpretable 
variations  are  observed  by  other  groups  for  various  substrates  and  deposition  techniques  (see 
e.g.  [7,  6]).  This  indicates  one  of  the  major  challenges  in  the  study  of  Co/Cu(lll)  superlat- 
tio’-i,  and  our  response  to  this  problem  has  been  the  development  of  the  wedged  superiattice 
technique.  Here  we  deposit  superiattices  with  uniform  Co  layers  but  with  Cu  layers  which 
vary  in  thickness  along  the  substrate.  Thus  a  large  number  of  superiattices  may  be  deposited 
simultaneously  under  identical  conditions,  controlling  the  otherwise  uncontrollable  variations 
seen  in  figure  2. 
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Figure  2:  Rx>om  temperature  magne- 
toresistance  versus  Cu  layer  thickness 
for  Co/Cu(lU)  superlattices  grown 
one  at  a  time. 


Figure  3:  Room  temperature  magne¬ 
toresistance  versus  Cu  layer  thickness 
for  superiattice  wedges  deposited  at 
O'C  and  150“C. 


The  MR  results  from  the  superiattice  wedge  samples  are  displayed  in  figure  3  for  two  dif¬ 
ferent  deposition  temperatures.  Considering  only  the  0°C  deposited  samples  for  the  moment, 
we  see  that  this  technique  has  two  great  advantages  over  single-sample  deposition.  Firstly, 
MR  is  sampled  with  a  uniform  and  high  point  density  as  a  function  of  Cu  layer  thickness,  and 
secondly,  the  scatter  (noise)  in  the  data  is  reduced  to  a  very  low  level.  It  becomes  possible 
to  reliably  measure  even  small  variations  in  MR  with  tcut  >f  such  variations  exist. 

One  perhaps  surprising  result  is  that  in  figures  2  and  3,  no  evidence  of  oscillatory  MR 
(indicating  oscillatory  exchange  coupling)  is  observed.  One  peak  in  MR  is  seen  at  9A, 
but  no  subsequent  peaks  at  higher  <ca  ^  observed.  Instead,  there  is  only  a  monotonic 
decay  of  MR  with  increasing  (cu.  In  an  attempt  to  optimize  the  growth  properties  of  these 
structures,  samples  were  deposited  at  elevated  temperatures  (150‘’C,  200°C).  It  was  found 
that  150°C  deposition  gave  improved  MR  in  the  first  peak  at  9A,  and  these  data  axe  also 
plotted  in  figure  3.  But  no  subsequent  oscillations  in  MR  were  observed  beyond  the  9A  peak 
for  samples  grown  at  any  temperature. 

The  magneto-optic  Kerr  effect  (MOKE)  is  used  to  generate  the  in-plane  magnetization 
loop  depicted  in  figure  4  from  a  sample  deposited  at  0°C  with  Cu  layer  thickness  of  llA.  We 
deduce  that  all  samples,  even  those  with  tca  corresponding  to  the  first  MR  peak,  are  primarily 
ferromagnetic  in  behavior,  but  that  all  show  a  small  antiferromagnetic  remnant.  That  is,  the 
magnetization  loops  consist  of  two  distinct  parts.  There  is  a  ferromagnetic-like  re^on  where 
the  magnetization  increases  rapidly  with  applied  field  to  70-95%  its  saturation  value  in  a  field 
of  at  1.5  kOe  (the  small  remanence  observed  here  is  due  to  a  weak  perpendicular  anisotropy 
in  the  ferromagnetic  component[ll]).  This  is  followed  by  an  antiferromagnetic-like  re^on 
which  saturates  much  more  slowly,  and  is  in  fact  never  saturated  in  the  available  applied 
field  here  of  at  7kOe.  We  find  that  this  antiferromagnetic-like  component  of  the  sample  is 
the  component  giving  rise  to  the  GMR,  and  that  this  component  can  require  very  large  fields 
(>6T)  for  saturation[ll,  12]. 

Interestingly,  the  AFM  coupled  re^on  of  the  magnetization  loops  do  not  follow  straight 
lines  as  a  function  of  applied  field.  This  might  lead  one  to  suspect  that  biquadratic  coupling 


Figure  4:  MOKE  loop  for  Co/Cu  su- 
perUttice  with  <cu=  UA. 


AFM 


is  present  in  these  samples,  in  addition  to  the  ususal  bilinear  coupling.  However,  recent  cal¬ 
culations  of  the  effects  of  pinholes  on  a  one-dimensional  model  of  AFM  coupled  layers  by 
Piecuch  et.  al.[18]  suggest  that  ferromagnetic  pin-holes  coupling  adjacent  Co  layers  would 
show  magnetization  loops  similar  to  the  ones  observed  here.  That  is,  for  some  AFM  coupling 
strength  and  pinhole  strength/density,  the  magnetization  loops  show  a  region  which  magne¬ 
tizes  in  a  very  small  applied  field,  followed  by  a  region  which  magnetizes  more  slowly,  with  a 
nonlinear  response  to  applied  field.  Thus,  biquadratic  exchange  coupling  need  be  invoked 
to  explain  the  observed  magnetization  loops  here. 


4  Discussion 


Clearly,  these  samples  are  far  from  ideal.  In  sputtered  multilayers,  samples  can  be  prepared 
showing  100%  AFM  coupGng  and  zero  remanent  magnetization.  The  samples  in  the  present 
study  instead  ate  no  more  than  30%  AFM  coupled,  indicating  that  significant  defects  exist 
causing  FM  coupled  regions  which  dominate  the  magnetization  loops.  However,  it  is  in¬ 
teresting  to  speculate  that  even  if  only  minority  regions  of  the  samples  are  AFM  coupled, 
oscillations  in  MR  should  still  be  present  but  with  a  reduced  magnitude,  if  such  oscillations 
exist.  If  this  were  true,  then  onr  results  would  indicate  that  in  fact  oscillatory  exchange 
coupling  does  not  exist  for  single-orientation  Co/Cu(lll)  superlattices.  This  would  be  in 
agreement  with  recent  total  energy  calculations  of  exchange  coupling  in  Co/Cn(lll)  super- 
lattices  made  by  van  Schilfgaarde  and  Herman[19],  where  only  a  single  peak  in  AFM  coupling 
with  increasing  tcu  »  observed. 

On  the  other  hand,  it  is  also  possible  that  the  ferromagnetic  bridges  do  not  affect  all 
samples  equally,  and  that  AFM  coupling  is  preferentially  suppressed  in  samples  where  the 
AFM  coupling  is  weak  -  i.e.  samples  with  greater  tcu-  In  this  case  the  AFM  coupling 
might  survive  only  in  the  first  peak  where  it  is  strongest,  and  thus  we  would  be  incapable  of 
measuring  the  other  oscillations  of  the  AFM  coupling.  Unfortunately,  we  have  no  means  at 
present  to  distinguish  these  two  possibilities,  except  for  attempting  to  further  improve  the 
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structure  of  the  superlattices  to  eliminate  the  ferromagnetic  defects. 

Concerning  the  origin  of  ferromagnetic  defects  in  these  structure,  we  note  that  the  present 
samples  grow  with  their  (111)  axes  very  well  aligned  with  the  surface  normal,  but  in  two 
in-plane  azimuthal  orientations  which  are  180^  apart.  It  is  plausible  that  the  boundaries 
between  these  two  types  of  domains  offer  a  region  through  which  separate  Co  layers  might 
communicate,  giving  rise  to  the  observed  ferromagnetic  bridging  in  the  magnetization  loops. 
Such  defects  are  intrinsic  to  the  methods  used  for  seeding  (111)  growth  on  other  insulating 
and  semiconducting  substrates  as  well  (e.g.  glass,  GaAs,  sapphire(1120)).  Moreover,  it 
is  well  known  that  stacking  faults  are  common  in  the  growth  of  Co/Cu(lll),  even  for  Co 
layers  only  3ML  thick[20].  Such  stacking  faults  lead  to  the  same  kind  of  domains  boundaries 
mentioned  above  even  for  growth  on  single  crystal  metal  substrates.  Therefore,  the  above 
mentioned  domain  boundaries  are  a  defect  common  to  aii  techniques  for  the  growth  of  highly 
oriented  Co/Cu(lll)  structures,  and  might  be  the  reason  why  all  groups  experience  difficulty 
observing  AFM  coupling  in  vapor  deposited  Co/Cu(ltl).  Furthermore,  because  this  type  of 
defect  is  inescapable  with  the  present  deposition  techniques,  there  is  faint  hope  of  eliminating 
it  in  the  near  future. 

There  is  still  an  open  question  about  why  sputtered  multilayers,  which  would  appear 
to  have  a  much  higher  defect  density  in  fact  do  show  strong  oscillations  in  AFM  coupling. 
Part  of  the  answer  might  be  found  in  recent  transmission  electron  microscopy  experiments 
which  indicate  that  although  souttered  multilayers  are  polycrystalline,  they  can  also  exhibit 
excellent  quality  flat  layering  with  well  defined  interfaces[21]. 

We  have  made  a  detailed  study  of  the  growth  mode  of  Co/Cu(  1 1 1 )  for  the  two  deposition 
temperatures  of  O'C  and  150°C,  published  elsewhere[12].  We  review  only  a  few  of  the  main 
results  of  that  work  here.  We  find  that  Co  does  not  grow  layer  by  layer  on  Cu(lll)  at 
any  temperature.  At  low  temperatures,  the  Co  and  Cu  do  not  appreciably  interdiffuse,  but 
the  Co  grows  with  a  rough  surface.  This  surface  roughness  is  compounded  as  the  structure 
grows,  until  the  outer  surface  of  the  superlattice  is  very  rough  (20A  rms  by  X-ray  diffraction). 
Such  roughness  could  lead  to  the  ferromagnetic  bridging  seen  in  the  magnetization  loops.  At 
elevated  temperatures,  the  Co  layers  grow  more  smoothly,  but  interdiffusion  between  the  Co 
and  Cu  begins  to  occur,  probably  along  the  above  mentioned  domain  boundaries.  It  is  easy 
to  see  how  grain  boundary  diffusion  could  lead  to  ferromagnetic  bridges.  At  150°C  growth 
temperature,  we  seem  to  strike  a  balance  between  these  competing  defect  factors,  and  this 
gives  rise  to  the  samples  of  optimal  quality. 


5  Conclusions 


We  have  developed  a  technique  for  the  preparation  of  Co/Cu(Ul)  wedged  superlattices. 
This  technique  eliminates  the  effects  of  uncontrolled  variations  in  sample  preparation  since  a 
large  number  of  samples  with  different  Cu  layer  thickness  are  produced  simultaneously  under 
identical  conditions.  This  is  especially  important  in  the  Co/Cu(lll)  system  where  subtle 
defects  can  very  strongly  affect  the  extent  of  AFM  coupling  observed. 

We  find  only  one  peak  in  MR  as  a  function  of  Cu  layer  thickness  near  9A,  for  s«unples 
deposited  at  various  temperatures.  The  optimal  growth  temperature  for  this  system  would 
appear  to  be  IhO’C.  Even  samples  with  Cu  layer  thickness  corresponding  to  the  peak  in 
MR  show  a  majority  ferromagnetic  component  and  minority  antiferromagnetically  coupled 
component  in  the  magnetization  loops.  This  indicates  that  structural  defects  cause  ferro¬ 
magnetic  bridging  of  adjacent  Co  layers.  A  likely  candidate  for  these  defects  are  the  domain 
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boundaries  between  adjacent  grains  in  the  film.  Such  domain  boundaries  are  inescapable  in 
Co  films  deposited  on  Ca(lll)  using  vapor  deposition  techniques,  and  thus  the  problem  of 
ferromagnetic  bridging  in  such  films  is  unlikely  to  be  overcome  in  the  near  future. 
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ABSTRACT 

The  Magnetoresistance  measured  perpendicular  to  the  plane  of  the  multilayer,  (CPP-MR) 
has  been  measured  for  the  Cu/Co  and  Cu/(Ni/Fe)  systems.  The  predictions  of  a  two  spin- 
channel  model  are  summarized,  and  the  Cu/Co  data  are  analysed  in  terms  of  this  theory.  The 
Cu/(NiFe)  data  show  a  more  complex  behaviour. 

INTRODUCTION 

Theories  of  magnetoresistance  (MR)  in  ferromagnetic/normal  metal  multilayers  gerterally 
depend  on  the  existence  of  spin  dependent  scattering  in  the  ferromagnetic  metal  (F)  and  at  the 
ferromagnetic/normal  (F/N)  interfaces.  One  of  the  important  questions  to  be  resolved  is,  what 
is  the  relative  importance  of  F  and  F/N  interfaces  in  providing  this  spin  dependent  scattering. 
Recent  work  [I]  on  magnetic  multilayers  has  indicated  that  the  magnetoresistance  measured 
perpendicular  to  the  plane  of  the  layers  (CPP-MR)  is  both  considerably  larger,  and  easier  to 
interpret  than  that  measured  in  the  plane  of  the  layers  (CIP-MR),  and  furthermore  gives  a 
quantitative  answer  to  the  above  question.  In  this  paper  we  give  results  for  the  Cu/Co  and  the 
Cu/permalloy  (hereafter  abbreviated  Cu/(NiFe))  systems.  We  note  that  preliminary  results  for 
the  Cu/Co  system  [2]  have  been  published  elsewhere  and  that  Parkin  [3]  has  measured  the 
CIP-MR  of  the  Cu/(NiFe)  system. 


tea  (nm) 


Fig.  I.  Magnetoresistance  of  the 
series  Fe(5nm)[Cu(tcu)/Co(1.5mn)]N 
plotted  as  a  function  of  copper 
thickness  t(;u. 
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Our  measurements  are  on  sputtered  samples.  Sample  preparation  and  measuring 
techniques  are  described  elsewhere  [4],  A  sample  is  composed  of  crossed  Nb  superconducting 
(S)  current  and  potential  strips  above  and  below  the  multilayer  of  intoest.  We  first  look  at 
some  data  which  serves  as  an  introduction  to  the  analysis  using  a  2-spin  channel  model.  We 
then  give  the  predictions  of  this  model  and  apply  it  to  our  Cu/Co  and  Cu/(NiFe)  samples. 

In  Fig.  1  we  show  the  magnetmesiSance  of  a  series  of  multilayers  with  a  3nm  Fe  buffer 
layer  [S]  and  fixed  t^,  =  l.Snm,  as  a  function  of  t^u-  This  data  differs  fiom  already 
published  [2]  in  two  ways.  First,  we  now  have  a  3T  superconducting  solenoid  installed  in  our 
system,  which  permits  us  to  saturate  the  magnetoresistance  at  the  first  peak,  and  hence  to 
produce  the  new  point  for  tcu  =  0.9nm,  with  an  MR  of  170%.  We  intend  to  extend  the  range 
of  magnetic  field  even  further  by  using  NbTi  in  place  of  the  Nb  leads.  We  have  already 
performed  preliminary  experiments  with  fields  up  to  2.1T.  Second,  as  H  approaches  the 
saturation  field  for  this  sample,  it  also  apinoaches  the  critical  field  of  the  Nb,  and  Rco/Nb 
changes  appreciably  with  field.  This  phenommon  was  studied  in  an  auxiliary  experinrent  and 
the  necessary  corrections  were  made  to  all  points  in  Fig.  1 . 

In  the  region  where  t^u  <  bnm,  the  oscillations  indicate  that  the  exchange  coupling  is 
strong.  We  designate  this  region  the  coupled  region,  and  the  region  for  t^^y  >  6nm  the 
uncoupled  region.  We  are  primarily  interested  here  in  the  uncoupled  region,  where  there  are 
no  complications  due  to  oscillating  exchange  interactions.  We  assume  that  the  virgin  sample 
in  zero  field  either  is  antiferromagnetically  aligned  or,  more  probably,  that  the  magnetizations 
M  j  in  each  layer  are  distributed  randomly,  so  that  E  Mi  =  0 .  According  to  2^hang  and  Levy  [6] 
both  these  distributions  should  give  the  same  results. 

tcu(TITl) 
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Fig.  2.  AR-7  vs  the  number  of  bilayers  N  for  the  Fe(5nm)[Cu(t(;u)/Co{1..5nm)]i,i  system. 

We  see  strong  experimental  evidence  for  this  equivalence  in  Fig.  2  which  displays  results 
for  a  series  of  Cu/Co  multilayers  with  a  buffer  layer  of  Fe  [5].  Each  sample  has  area  A,  the 
same  total  thickness  t,  and  Co  layer  thickness  t<;<,,  but  differing  values  of  the  copper  thickness 
tcu  and  the  number  of  bilayers  N.  The  theory  below  indicates  that,  for  the  H  =  0  data,  the  total 
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resistance  Rf  should  vary  linearly  with  N.  The  straight  line  is  drawn  through  the  I  '^est 
point  (t(;u  =  0.9mn.)  aitd  the  theoretical  intercept.  The  impottam  point  is  that  the  line  not  only 
fits  the  points  ui  the  uncoupled  region  well,  but  also  passes  through  the  points  in  the  coupled 
region  where  the  antifenroma^netic  exchange  forces  are  large.  This  behaviour  strongly 
suggests  that  in  the  uncoupled  region  the  magnetizations  behave  as  if  they  were 
antiferromagnetically  aligned. 


TWO  SPIN  CHANNEL  THEORY 


In  this  section  we  briefly  review  the  two  ^in  channel  theory  presaged  by  Zhang  and  Levy 
[7],  first  applied  by  Pratt  et  al.  [8],  and  further  developed  by  Valet  and  Fen  [9].  For  this  paper 
we  make  the  basic  assumption  that  the  scattering  length  for  spin  flip  scattering  is  much  greater 
than  tp  +  tp|,  where  tp  and  tp|  are  the  thicknesses  of  the  ferromagnetic  and  normal  metal  layers 
respectively.  The  current  then  consists  of  two  independent  parts  corresportding  to  spin  up  ('•-) 
and  spin  down  (-)  electrons. 

+ 


Fig.  3.  Equivalent  circuit  for  the  two  spin  band  model. 

The  equivalent  circuit  corresponding  with  this  situation  is  shown  in  Fig.  3.  The  resistances 
in  each  arm  are  added  in  series  to  give  R'*'  and  R*.  which  ate  then  combined  in  parallel.  We 
define  pp^  =  2pp/(l+P)  to  be  the  resistivity  of  an  F  layer  when  the  electron  spin  and  the  local 
magnetization  are  parallel  to  each  other,  and  pp'^  -  2pp/(I-P)  to  be  the  resistivity  when  they 
are  antiparallel.  Here  pp  is  the  F  resistivity  measured  on  an  indepettdent  thin  F  film. 
Similarly,  we  take  Rp/^^  =  (2Rp/N)/{l-tTr)  and  Rp/jg^  =  (2Rp/n)/(1-y)-  We  further  define 

ttp^pp-l/pF^^d+pyfl-P) 

and 

“F/N Rp/N^^F/N^  ~  ( •  ^y(  •  '7) 

and  finally 

PF*  ~  Pf^(*  -P^)  and  Rp/N*  “  Rf/n''(  •  "7^) 


For  simplicity  we  neglect  the  difference  between  N,  N+1,  and  N-1  where  N  is  the  total 
number  of  bilayers,  and  consider  the  experimental  situation  in  which  all  our  samples  have  a 
constant  thickness  t. 


We  assume  that  for  the  virgin  sample  with  H  =  0,  consecutive  layers  ate 
antiferromagnetically  aligned.  Then  R'*'  =  R',  and  for  a  sample  of  area  A  detailed  analysis 
gives  for  the  total  resistance  AR-jfHo):  - 


ARt(Ho)  -  2ARs/p  +  N[pf ‘tp  +  -r  2 ARp,>i*  1  =  P  +  QN  ( I ) 

where  P  and  Q  are  constants.  Ryp  is  the  interface  resistance  between  superconductor 
(Niobium)  and  ferro-magnetic  metal.  For  samples  with  constant  tp: 

P  =  2ARs/p  +  PNt  and  Q  =  (pp*(H)-pN]tp  + 2ARp/p^(H)  (2) 

For  samples  with  tp  =  tpj  -. 

P  =  2ARs/f +lpN+PF‘(H)lt/2  and  Q  =  2ARp,N*(H)  (3) 

Hence  for  antiferromagnetic  alignment  we  expect  linear  relations  between  ARp  and  the 
number  of  bilayers.  With  R3/P  measured  in  an  auxiliary  experiment  on  S/F.^S  sandwiches, 
pp*(H  =  0),  and  Rp/pj’can  be  obtained  from  the  intercepts  and  slopes.. 


Ferromagnetic  Alignment 

For  saturation  field  Hj,  R^  *  R".  Detailed  analysis  then  yields 

/IRr(Ws)=/ll?,(W„)-,V'(Pp;/,  +2r-4/f;  (4) 

The  linear  relationship  between  Rp  and  N  breaks  down.  However,  for  large  N  and  small  Pn 
the  second  term  again  becomes  linear  in  N.  and  the  results  remain  linear  in  N  down  to  quite 
small  N. 


tcu(nm) 


Fig.  4.  ARp  vs  N  for  the  Cu(tcu)/Co(6nm),  t  =  360nm  series.  Hp  is  the  field 
corresponding  to  the  peak  MR. 
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RESULTS 

Cii/rn.  In  Fig.  4  we  illustrate  the  linear  relation  between  ARy  and  N  for  the  series  with 
-  6nm.  We  analyse  o»r  data  as  follows.  For  each  of  the  three  series,  =1.3  and  6nm, 
and  t(^o  =  t(;g,we  make  weighted  least  square  fits  of  ARy  vs.  N,  and  compute  x^'  We  then 
minimize  £x^  using  pp*,  pjg  and  R*p/n  as  variable  parameters.  Taking  the  values  for  the  best 
fit  of  these  parameters,  we  calculate  AR-jfH^))  -  ARffH^)  using  Eq.  4.  We  repeat  these 
calculations  for  many  combinations  of  P  and  y,  obtaining  x^  fot  each  combination.  The 
combination  which  gives  a  minimum  gives  the  best  values  for  of  ^  and  y.  For  the  Cu/Co 


system  these  values  are: 

p’co  =(7.5±0.4)x  10-«Qm 

p  =  0.47  ±0.14 

y  =  0.7210.06 

AR*co/Cu  =  (0.5±0.03)fnm2 

aco  =  2.8±0.8 

aCo/Cu  =  6.1±l.S 

PCu  =  (0.7g±0.2)  X  10-*Om 

(Note  that  these  results  are  a  little  different  from  those  previously  reported  [2).  due  to  the 
inclusion  of  additional  data).  For  comparison,  aco  measured  for  the  Ag/Co  system  ( I OJ  is 
2.9(+0.5,-0.3)  and  Oco/Ag  =  12(+5,-2). 

thi  Cu/fNiFel.  In  Parkin's  paper  (3)  the  oscillations  in  CIP-MR  for  Cu/fNiFe)  die  out  at 
tcu~3-5  nm.  We  therefore  set  out  to  study  the  Cu/(NiFe)  system  in  the  region  t^g  >  3.5nm 
which  we  expected  to  be  uncoupled.  The  samples  were  sputtered  on  Si  (100)  with  a  Sum 
NiFe  buffer.  Very  recently  we  have  discovered,  from  x-ray  fluorescence  studies,  that, 
although  the  Fe  concentration  in  our  sputtering  targets  is  the  -20%  for  permalloy,  the 
concentration  of  Fe  in  our  sputtered  samples  is  ~16%.  We  therefore  cannot  claim  to  have 
measured  the  Cu/permalloy  system.  However  the  concentration  does  not  change  appreciably 
from  sample  to  sample  so  that  the  data  should  be  good  for  the  Cu/(Ni84Fe]5)  system.  Results 
for  the  series  with  t^jPe  =  6nm  are  shown  in  Fig.  5. 


lcu(»ni) 

16. *3  7.5  4  5  3.0 


Niiiiil)t:f  of  Dilayofs  N 

Fig.  5.  ARj  as  a  function  of  N  for  the  (Cu(ICu)/NiFe(  1 .5mn)Jis(  system. 
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The  data  show  more  scatter  than  those  in  the  C'u/Co  system,  but  it  is  clear  that  the  expected 
linear  dependences  over  the  whole  range  of  measurement  arc  not  present.  I  he  lines  in  1  ig  5 
indicate  least  square  fits  to  (he  initial  data  for  which  there  is  a  good  linear  dependence  The 
overall  data  are  significantly  different  in  character  from  that  for  the  Cu/Co  system  in  I  ig.  4. 
The  lines  in  Fig.  4  continue  to  diverge  over  the  range  of  N  considered.  The  Nil  e  data  in 
contrast  show  both  a  bend  in  the  curves  and  a  tendency  for  the  two  data  sets  to  converge  at  the 
higher  values  of  N.  Data  for  the  series  with  tj^jp^  =  6nm  show  similar  overall  characteristics, 
and  the  convergence  is  more  obvioas.  A  convergence  on  these  plots  corresponds  with  a 
decrease  in  MR.  We  may  be  seeing  further  oscillations  m  MR  as  a  function  of  t^  ^  beyond 
those  seen  by  Parkin  in  the  CiP-MR.  That  is.  for  the  higher  N  values  we  are  probably  not  in 
the  uncoupled  region.  A  more  complete  study  of  CPP-MR  as  a  function  of  t('u  should  confirm 
this.  While  this  picture  accounts  for  the  divergence  from  linearity  for  (he  H  =  0  data  it  is 
difficult  to  understand  why  the  saturation  field  data  should  not  he  linear.  More  high-N  points 
are  required  to  confirm  that  the  data  are  in  fact  nonlinear. 

We  have  done  non  global  fits  to  the  low  N  data  for  the  tNjpg.=  !  .5nm  and  6nm  systems 
using  Eqs.  1-4  and  obtained  the  tentative  values  a^iFe  ~  ^-2  and  UNiKe/Cu  “  5.5.  More 
measurements  are  planned  to  clarify  the  source  of  the  behavior  of  C'a/(NiFc). 
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INFLUENCE  OF  SUPERLATTICE  POTENTIALS 
ON  TRANSPORT  IN  MAGNETIC  MULTILAYERS 

Shufeng  Zhang,  and  Peter  M.  Levy,  Department  of  Physics,  New  York  Universilv,  4 
W'asliington  Place,  New  York,  NY  lOOOd 

ABSTRACT 

We  discuss  the  effect  of  the  superlattice  potential  on  the  niagnetotransport  properties 
of  magnetic  multilayers  for  current  parallel  and  perpendicular  to  the  plane  of  the  layers. 
VVhile  quantum  well  states  affect  the  magnetolransport,  they  are  no/  the  primary  origin 
of  the  giant  magnetoresistance  observed  in  these  materials  for  currents  in  the  plane  of 
the  layers.  In  general,  it  is  necessary  to  include  both  spin-dependent  scattering  and  the 
effects  of  superlattice  potentials  in  order  to  explain  the  magnetoresistance  of  multilayered 
structures. 


Giant  niagnetoresistance  in  magnetic  multilayers  is  usually  understood  in  terms  of 
spin-dependent  scattering  [Ij,  i.e.,  the  scattering  of  a  conduction  electron  by  a  local  mag¬ 
netic  impurity  depends  on  its  spin  direction  relative  to  that  of  the  local  moment.  With 
this  picture,  one  uses  unpolarized  plane  waves  to  represent  conduction  electrons  in  the 
structures  and  calculates  the  conductivity  for  different  magnetic  configurations,  e.g.,  ferro 
and  antiferro  aligned  magnetic  layers  (2],  Recently,  there  is  an  emerging  realization  that 
quantum  well  states  may  be  formed  in  these  multilayers  (.3],  at  least  for  some  directions 
in  momentum  space.  The  existence  of  these  stales  implies  that  the  conduction  electrons 
are  not  plane  waves  for  some  momenta,  and  that  layering  changes  the  electronic  stales 
of  the  conduction  electrons.  To  model  these  stales.  Hood  and  Falicov  (4)  introduced 
spin-dependent  potentials  in  different  magnetic  layers  and  considered  the  effects  of  these 
potentials  on  the  conduction  electrons  by  using  reflection  and  transmission  probabilities 
at  the  interfaces  (  potential  steps).  However,  as  the  quantum  coherence  length  (inelastic 
mean  free  path)  at  low  temperatures  is  much  larger  than  the  thicknesses  of  the  layers,  it 
is  necessary  to  include  effects  from  the  interference  of  conduction  electrons  reflected  at 
different  interfaces  (5).  Therefore,  one  should  first  determine  the  proper  wavefunctions 
and  energy  spectrum  of  conduction  electrons  quantum  mechanically,  and  then  evaluate 
their  scattering  rates  due  to  impurities  in  the  layers  and  at  the  interfaces. 

Kalmeyer  [6]  considered  the  influence  of  spin-dependent  wave  functions  on  the  magne¬ 
toresistance;  by  focusing  on  the  scattering  at  interfaces,  he  was  able  to  conclude  that  the 
spin-dependent  potential  alone  can  give  rise  to  large  magnetoresistance.  To  examine  this 
conclusion,  we  select  superlattices  as  our  prototypical  structures  in  order  to  eliminate  the 
confinement  effect  of  outer  boundaries.  To  obtain  complete  information  on  the  effect  of 
spin-dependent  potentials,  one  also  needs  to  simultaneously  work  out  the  magnetoresis¬ 
tance  for  the  CIP  (current  in  the  plane  of  the  layers)  and  CPP  (current  perpendicular  to 
the  plane  of  the  layers).  Although  most  of  the  experimental  data  studied  to  date  are  for 
the  CIP  geometry,  the  CPP-MR  measurements  are  now  available  at  least  for  three  sys¬ 
tems;  Co/Cu,  Co/Ag  [7]  and  Fe/Cr  [8].  By  choosing  parameters  that  fit  data  on  CIP-MR 
alone,  one  might  predict  values  for  CPP-MR  that  are  wrong. 

In  our  study,  we  use  Kronig-Penney  type  potentials  to  study  the  interplay  between 
the  effects  of  spin-dependent  potentials  and  spin-dependent  scattering.  We  first  solve 
for  the  wavefunctions  and  energy  spectrum  in  the  entire  superlattice,  then  use  transport 
theory  to  calculate  the  conductivity  and  magnetoresistance  for  both  CIP  and  CPP  in  the 
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presence  of  impurities.  The  main  result  we  find  is  that  a  spin-dependent  potential  has  more 
influence  on  CPP-MR  than  on  CIP,  and  that  a  spin-dependent  potential  without  spin 
dependent  scattering  can  not  account  for  the  CIP  experiments.  However,  in  the  |iresenre 
of  spin-dependent  scattering,  both  CIP-MR  and  CPP-MR  are  significantly  iirodified  by 
spin-dependent  potentials. 

Conduction  band  wavefunctions  appropriate  to  transition  metal  magnetic  superlaltices 
are  not  reliably  known.  Therefore  we  resort  to  the  Stoner  description  which  postulates 
that  conduction  electrons  in  ferromagnetic  layers  have  different  potentials  for  majority 
and  minority  spins.  To  ascertain  the  role  of  spin-dependent  potentials  on  the  magnetore¬ 
sistance  of  multilayers,  we  use  a  Kronig-Penney  potential  in  the  growth  direction  r  and 
a  constant  potential  in  the  plane  of  the  layers. 

The  Hamiltonian  that  describes  conduction  electrons  in  metallic  multilayers  is 

p2 

Wa/  =  —  -1-  V'yot,A/(l,<t) -f  52 (1) 

where  Vp^,  represents  the  spin-dependent  potentials  of  the  electrons  in  the  different  layers. 
Kean  is  the  scattering  at  impurity  sites  within  the  layers  and  at  the  interfaces,  and  M 
denotes  the  magnetic  configurations  of  the  layers,  e.g.,  ferro  or  anliferromagnetic.  Since 
the  origins  for  the  Vp^t  and  V^ait  are  different,  we  treat  them  as  independent  parameters. 
This  is  in  contrast  to  some  treatments  which  assume  that  the  diffusive  scattering  at 
interfaces  depends  on  the  potential  difference  between  the  two  metals  in  contact  |9]. 

In  past  treatments  the  scattering  has  been  evaluated  by  using  plane  wave  states  [2). 
However,  one  should  use  states  appropriate  to  multilayered  structures,  i.e.,  to  use  eigen¬ 
states  of 

=  ^  +  (2) 

This  leads  to  energy  eigenvalues  of  the  form 

CAf(k,<T)  =  t|l{<.-||) -f  CAlir-.fT),  (3) 

where  £||(<:||)  =  -f  fcj[)/2m,  v  =  fc,,  and  to  eigenstates 

<i.M(k,o;r)  =  (4) 

These  wavefunctions  exist  over  a  length  scale  known  as  the  inelastic  mean  free  path;  they 
are  the  appropriate  ones  to  use  as  long  as  the  coherence  of  the  electron  wavefunctions  can 
be  maintained  over  several  repeat  distances  of  a  periodic  superlattice. 

The  potentials  we  consider  consist  of  a  periodic  array  of  barriers  of  thickness  a  with 
height  U  and  wells  of  thickness  6;  the  Fermi  level  is  at  energy  Ef  from  the  bottom  of  the 
wells.  For  the  ferromagnetic  configuration  of  the  layers,  the  potential  for  the  majority 
(spin  up)  electrons  has  a  =  t„n  and  6  =  t„,  where  f„„  is  the  thickness  of  non-magnetic 
layers  and  of  magnetic  layers;  for  the  minority  electrons  6  =  0,  i.e.,  there  are  no  wells, 
and  the  Fermi  level  is  aX,  Ef  —  V  (10).  For  antiferromagnetic  configurations  the  potentials 
for  spin  up  and  spin  down  electrons  are  the  same  but  shifted  in  space  relative  to  one 
another;  a  =  2t„,„  -t-  and  6  =  t„.  This  description  of  the  superlattice  potentials  is 
believed  to  be  reasonable  at  least  for  Fe/Cr  superlattices  [11].  The  wavefunctions  for  the 
periodic  potential  can  be  written  in  Bloch  form 


(5) 
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where 

We  have  calculated  the  energy  spectrum  <iv/(i/,  <t)  and  Bloch  functions  c)  for  the 

spin-dependent  periodic  potentials  described  above. 

To  determine  the  magnetoresistance,  we  evaluate  the  conductivity  given  in  Ref.2  for 
the  simple  cases  in  which  the  layers  are  ferro  and  antiferromagnetically  aligned.  Since 
the  purpose  of  the  present  letter  is  to  illustrate  the  influence  of  the  superlattice  potential 
on  the  MR,  we  only  consider  the  case  that  the  mean  free  path  is  larger  than  the  layer 
thickness.  In  this  limit,  we  can  neglect  the  off-diagonal  t-matrix  entering  the  expression 
for  the  global  conductivity  [2]  and  we  find  the  conductivity  is  given  as 


where  =  kll2  for  CIP  while  for  CPP  =  (mlh^diUdvf,  and  A’v,(i/) 

is  the  imaginary  part  of  the  scattering.  For  a  short-range  impurity  scattering  potential 
V^f  =  52i  where  V^(i)  =  t’i  -h  j.A/,  d,  the  imaginary  part  of  the  self-energy 

in  the  second  order  Born  approximation  is 

(S) 

where 

=  Y,  (9) 

k,v\ 

The  differences  between  these  results  and  previous  expressions  [2]  are  1 )  A  depends  on  the 
momenta  v,  and  2)  the  dependence  on  the  magnetic  configuration  M  and  spin  a  enters 
in  two  places;  in  the  scattering  and  in  the  wave  functions  uX/. 

Here  we  present  results  and  conclusions  based  on  Eqs.  (7)  and  (8).  We  emphasize 
that  they  are  applicable  to  CPP  with  no  restrictions  (assuming  there  are  no  spin  flips) 
and  to  CIP  for  A  >  t„  +  t„„.  In  the  limit  A  -C  <„  -P  t„„,  the  CIP-MR  is  zero.  Also, 
we  define  the  magnetoresistance  as  the  ratio  of  the  difference  of  the  conductivities  for 
ferromagnetic  and  antiferromagnetic  alignments  of  the  layers  divided  by  the  conductivity 
for  the  antiferromagnetic  alignment. 

There  are  at  least  8  parameters  involved  in  the  conductivity  expression.  They  are. 
scattering  rates  in  nonmagnetic  layers,  in  magnetic  layers  for  spin  up  and  down  electrons 
if  they  are  spin-dependent,  and  at  interfaces  for  spin  up  and  down  electrons  if  they  are 
spin-dependent,  the  potential  barrier  height  relative  to  Fermi  energy,  and  layer  thicknesses 
for  nonmagnetic  and  magnetic  layers.  The  magnetoresistance  is  a  complicated  function 
of  these  parameters.  Here  we  mention  some  of  the  salient  results. 

First  of  all,  the  wave  functions  Eqs.  (4)  and  (5)  appropriate  to  the  superlattice  po¬ 
tential  affect  the  CPP-MR  much  more  than  they  do  the  CIP-MR  in  the  absence  of  spin- 
dependent  scattering.  When  we  neglect  the  spin-dependence  of  the  scattering  take 
for  the  potential  =  1/3,  and  use  k/rtnm  =  kft„,  =  60.  we  find  0.4%  for  the  CIP- 

MR  and  12%  for  CPP-MR.  For  l//Ef  =  2/3  and  the  same  ift.  the  CIP-MR  is  2%  and 
CPP-MR  is  34%.  If  we  neglect  the  y  and  <r  dependence  of  the  scattering  AX,  =  A,  we 
find  approximately  the  same  CPP-MR,  while  the  CIP-MR  is  zero.  As  we  have  shown 
elsewhere  [12],  the  CIP  conductivity  is  proportional  to  the  total  number  of  conduction 
electrons  when  AX,  =  A;  as  this  number  does  not  depend  on  the  magnetic  configuration 


1 
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the  CIP-MR  is  zero  under  these  considerations.  However,  the  same  argument  does  not 
hold  for  CPP,  because  the  CPP  conductivity  is  not  related  to  the  total  number  of  elec¬ 
trons.  As  the  experimental  MR  ratios  that  are  observed  in  magnetic  superlattires  are  in 
the  range  of  20%  to  170%,  we  conclude  that  the  spin  and  configuration  dependence  of  the 
superlattice  wavefunctions  do  not  by  themselves  contribute  much  to  the  CIP-MR,  while 
they  do  play  an  important  role  in  the  CPP-MR. 


Absolute  value  of  p 


Fig.l  The  CIP  and  CPP  magnetoresistance  as  function  of  p  =  p,  =  ps 
for  a  fixed  barrier  height  U/Ef  =  1/3.  We  choose  kFt„„  =  kptnm  =  60 
and  the  total  scattering  at  the  interfaces  is  the  same  as  that  in  the  bulk. 


Fig.2  The  CIP  and  CPP  magnetoresistance  as  function  of  barrier  height 
with  fixed  p  =  p,  =  pj  =  ±0.42.  The  remaining  parameters  are  the  same  as  Fig.l. 


Second,  the  contributions  of  the  spin-dependent  potential  and  spin-dependent  scat¬ 
tering  to  the  magnetoresistance  aro  intertwined.  For  example,  MR  depends  on  the  sign 
of  p,  where  p  =  j/v  is  the  ratio  of  spin-dependent  to  spin-independent  scattering  [2], 
see  Figs.l  and  2.  This  asymmetric  behavior  for  the  MR  with  respect  to  the  sign  of  p 
reflects  the  different  band  structures  for  spin  up  and  spin  down  electrons.  In  bulk  ferro- 
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magnetic  metals  [13]  or  multilayers  without  spin-dependent  potentials  [2],  the  resistivity 
is  si/mmetric  respect  to  the  sign  of  p.  Since  a  large  number  of  parameters  are  involved 
in  estimating  the  magnetoresistance,  one  should  be  cautious  when  one  tries  to  quote  the 
parameters  that  best  fit  the  experimental  data.  A  comprehensive  comparison  between 
theory  and  experiment  should  include  both  conductivities  and  magnetoresistance  in  the 
CIP  and  ePP  geometries. 

Third,  the  oscillatory  behavior  of  charge  density  leads  to  rapid  oscillations  in  magne¬ 
toresistance  with  respect  to  barrier  height,  see  Fig.2,  and  layer  thickness.  These  oscilla¬ 
tions  reflect  gaps  in  the  eigenvalue  spectrum  t"  that  <ire  caused  superlattice  potentials  or 
Bloch  states.  However,  this  behavior  has  not  been  observed  experimentally;  we  are  now 
currently  investigating  the  origin  for  this  conundrum. 

Fourth,  the  dependence  of  the  MR  on  the  thickness  of  the  layers  is  controlled  by  the 
scattering  [2j,  not  by  the  potentials.  If  one  assumes  the  MR  is  due  solely  to  superlattire 
potentials  with  no  spin-dependent  scattering  p  =  0  both  the  CIP-MR  and  CPP-MR  are 
weakly  dependent  on  the  thicknesses  of  the  layers;  this  is  contrast  to  the  experimental 
results  [14].  Therefore  we  conclude  that  the  spin-dependent  scattering  is  necessary  to 
explain  the  observed  dependence  of  the  MR  on  layer  thicknesses. 

For  multilayered  structures  with  transition  metal  magnetic  and  nonmagnetic  layers, 
e.g.,  iron  and  chromium,  the  potential  wells  exist  in  the  magnetic  layers;  the  non-magnet  ir 
layers  act  as  barriers.  However,  if  a  noble  metal,  e.g.,  copper,  is  the  non  magnetic  layer, 
the  roles  are  reversed;  the  copper  layer  now  contains  the  well  states  [3],  and  the  magnetic 
layers  are  the  barriers.  If  the  barrier  height  for  one  spin  direction  is  above  the  Fermi 
level  there  is  no  conduction  for  CPP  in  the  antiferromagnetic  configuration  while  in  the 
ferromagnetic  state  one  of  the  spin  channels  still  conducts.  In  this  case  the  CPF-MR  is 
limited  only  by  the  size  of  the  spin  diffusion  length  relative  to  the  mean  free  path;  at  low 
temperatures  this  is  a  very  large  number  [15],  e.g.,  the  spin  diffusion  length  is  an  order  of 
magnitude  larger  than  the  mean  free  path.  As  this  behavior  has  not  been  observed  in  the 
CPP  experiments  done  to  dale  on  CofCu.  ColAg  [7]  and  FelCr  [S],  we  conclude  that 
both  quantum  well  and  continuum  states  are  needed  to  describe  their  transport  properties, 
i.e.,  U/Ef  <  1. 

Our  analysis  indicates  that  the  MR  is  sensitive  to  tlie  position  of  scatterers  relative  to 
the  superlatMce  potential.  This  is  reminiscent  of  recent  experimental  data  [16]  in  which 
the  ClP-MR  is  more  sensitive  to  the  presence  of  a  cobalt  monolayer  at  an  interface  be¬ 
tween  layers  than  when  the  cobalt  is  embedded  within  a  magnetic  layer.  Due  to  existence 
of  quantum  well  states  in  the  Cn  layers,  the  wavefunctions  of  these  states  fall  off  exponen¬ 
tially  in  the  magnetic  layers  with  a  length  scale  of  (2ni[!/h^  -  ip  For  example, 

electrons  in  states  which  carry  the  current  in  CIP  with  i||  close  to  if  are  not  scattered 
if  the  Co  layer  is  more  than  '2A  inside  a  barrier  whose  height  is  f '  =  lev.  Fndoubtedly 
adding  a  monolayer  of  cobalt  at  the  interfaces  or  inside  of  the  magnetic  layers  is  more 
complex  than  merely  moving  a  scattering  plane  from  one  region  to  another.  Nonetheless, 
our  analysis  does  show  that  scattering  at  interfaces  is  magnified  relative  to  that  inside 
magnetic  layers  which  act  as  barriers. 

In  conclusion,  we  have  studied  the  niagnetoresistance  in  magnetic  superlattices  in  the 
presence  of  spin -dependent  potentials  and  spin-dependent  scattering.  Although  we  show 
that  the  spin-dependent  potential  alone  can  not  account  for  the  large  magnetoresist ance.  it 
does  strongly  affect  the  magnetoresistance  in  the  presence  of  spin-dependent  scattering. 
A  quantitative  comparison  between  theory  and  experimental  data  should  include  both 
mechanisms.  Also,  preci.se  superlattire  band  structures  are  needed  to  better  understand 
the  interplay  between  spin-dependent  scattering  and  spin-dependent  potentials. 
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ABSTRACT 

The  Layer  Korringa  Kohn  Rostoker-Coherent  Potential  Approximation  technique  was 
used  to  calculate  the  low  temperature  Giant  Magneluresistance  from  first  principles  for 
CojCu  and  permalloyfCu  superlattices.  Our  calculations  predict  large  giant  magnetoresis¬ 
tance  ratios  for  Co|Cu  and  extremely  large  ratios  for  permalloy|Cu  for  current  perpendic¬ 
ular  to  the  layers.  Mechanisms  such  as  spin-orbit  coupling  which  mix  spin  channels  are 
expected  to  greatly  reduce  the  GMR  effect  for  permalloylCu. 

Introduction 

An  unexpectedly  large  effect  of  an  applied  magnetic  field  on  the  electrical  resistance  has 
been  observed  in  a  number  of  multilayer  systems  involving  transition  metals.  The  effect 
consists  of  a  dramatic  decrease  in  the  electrical  resistance  in  the  presence  of  an  applied 
magnetic  field  and  has  been  observed  in  Fe-Cr  multi-layers[l,  2,  3,  4,  5.  6),  in  Co-Cu 
multilayers(3,  4,  7],  in  Co-Ru  multilayers(3),  and  in  bi-layers  of  Ni,8Fe,2  separated  by  a  thin 
layer  of  Cu[7,  8).  The  effect  is  seen  in  systems  in  which  alternate  layers  of  magnetic  atoms 
are  aligned  anti-parallel  with  one  another  in  the  absence  of  the  applied  field.  Application 
of  the  magnetic  field  brings  the  layers  into  alignment  and  causes  a  decrease  in  the  electrical 
resistivity  both  parallel  to  the  layers  and  perpendicular  to  them. 

The  resistances  of  bcc  (l(Kl)Fe|(100)Cr(ll  and  fee  (1 1  l)Co|(l  1 1)Cu(4)  have  been  ob¬ 
served  to  decrease  by  almost  a  factor  of  two  when  an  applied  magnetic  field  brings  the 
magnetic  moments  on  the  layers  into  alignment.  In  this  paper  we  present  calculations  of 
this  giant  magnetoresistance  effect  directly  from  first  principles. 

Previous  Theory 

Baibich  el.  al.[l]  who  first  reported  the  effect  based  on  their  observations  on  Fe-Cr 
multi-layer  systems  observed  that  dilute  Cr  impurities  in  bulk  Fe  scatter  majority  spin 
electrons  much  more  strongly  than  minority  spin  electrons.  They  proposed  that  the  Cr 
atoms  in  the  spacer  layers  might  act  the  same  way  leading  to  a  low  resistance  for  the 
down  spin  electrons  when  the  layers  are  aligned  in  parallel.  The  anti-parallel  alignment 
would,  in  this  picture,  lead  to  a  higher  resistance  by  mixing  the  spin  channels.  Binasch 
el.  al.[2]  described  the  effect  in  terms  of  the  necessity  for  electrons  to  undergo  spin-flip 
scattering  when  traveling  from  one  Fe  layer  into  an  adjacent  one  when  the  layers  were 
aligned  anti-parallel. 

Camely  and  Barnas  and  Barnas  et.  aLjO,  10]  generalized  the  semi-classical  Boltzmann 
theory  approach  of  Fuchsfll]  and  Sondheimer(12]  to  treat  layered  systems  with  different 
scattering  properties  in  the  two  spin  channels.  Levy  et.  al.[13]  and  Zhang  and  Levy[14] 
developed  a  quantum  mechanical  treatment  for  spin  dependent  scattering  in  multilayer 
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systems  including  both  interCacial  and  bulk  scattering.  Both  of  these  treatments  utilize 
numerous  adjustable  parameters  to  account  for  the  microscopic  pro[)erties  of  these  systems. 

Calculation  Technique 

We  have  calculated  the  electronic  structure  of  superlattices  of  copper  and  cobalt  and 
of  permalloy  (Ni.8Fe2)  and  Cu  using  the  layer  Korringa-Kohn-Rostoker  techniquejlS) 
(LKKR)  to  solve  the  equations  of  density  functional  theory  in  the  local  spin  density 
approximation[16,  17).  The  LKKR  technique  is  particularly  well  adapted  for  calculat¬ 
ing  the  properties  of  layered  materials.  It  has  the  advantage  over  most  other  electronic 
structure  techniques  that  the  time  required  for  a  calculation  scales  linearly  with  the  num¬ 
ber  of  layers  rather  than  as  the  third  power  of  the  number  of  layers.  The  LKKR  also  does 
not  require  that  one  treat  all  structures  as  three  dimensional  superlattices.  The  proper¬ 
ties  of  isolated  interfaces,  for  example,  can  be  calculated  directly.  In  the  work  describ<?d 
here,  however,  we  have  modeled  the  systems  as  superlattices  because  this  simplified  the 
application  of  transport  theory. 

The  systems  which  we  have  chosen  to  model  in  these  initial  calculations  consist  of  (11 1 ) 
superlattices  of  copper  and  of  either  cobalt  or  permalloy.  For  the  ro|Cii  superlattices, 
scattering  arises  from  the  interfacial  layers  which  we  have  assumed  to  be  1%  interdilfused; 
i.e.  the  interfacial  Cu  layers  are  assumed  to  have  1%  of  the  copper  atoms  replaced  by 
cobalt  atoms  which  are  randomly  distributed  within  the  layer.  Similarly  the  interfacial 
cobalt  layers  are  assumed  to  have  1%  of  their  atoms  randomly  replaced  by  copper  atoms. 
For  the  permalloylCu  superlattices,  scattering  arises  from  the  permalloy  layers  which  are 
assumed  to  be  random  solid  solution  alloys. 

The  disorder  is  treated  in  the  coherent  potential  approximation(I8.  ID)  which  provides 
a  means  of  constructing  an  average  Green  function  for  a  disordered  soli<l  solutioti  alloy  and 
which  has  been  successfully  applied  to  the  calculation  of  many  properties  of  alloys[20]. 
novel  feature  of  the  LKKR  is  the  ability  it  provides  for  allowing  the  concentration  of  each 
species  to  vary  from  layer  to  layer. 

The  calculation  of  the  electrical  resi-stivity  is  based  on  the  use  of  a  CPA-like  approxima¬ 
tion  to  evaluate  the  product  of  two  Green  functions  which  appears  in  the  Kubo-Greenwood 
expression  for  the  conductivity[21].  For  these  initial  calculations  of  the  GMU  it  is  conve¬ 
nient  to  make  two  approximations  in  addition  to  those  implicit  in  the  KKR-CPA  theory 
of  resistivity  described  in  referenre|21).  Firstly,  we  assume  that  the  energy  bands  are  rea¬ 
sonably  well  defined,  i.e.  that  the  mean  free  path  is  significantly  greater  than  a  typical 
interatomic  spacing.  This  assumption  allows  the  KKR-CP.A  theory  of  transport  to  be  re¬ 
duced  to  a  Boltzmann  equation  in  which  the  the  scattering  probabilities  are  determinerl 
from  first  principles.  The  validity  of  this  approximation  can  be  checked  since  we  calculate 
the  mean  free  path  for  each  point  on  the  Fermi  surface. 

The  second  additional  approximation  that  we  have  made  in  these  calculations  is  the 
neglect  of  vertex  corrections  to  the  two  particle  propagator.  This  is  equivalent  to  the 
neglect  of  the  “scattering-in”  terms  in  solving  the  Boltzmann  equation.  The  regime  of 
validity  of  this  approximation  is  not  quite  so  evident.  It  can  be  shown(22]  that  vertex 
corrections  vanish  if  the  individual  scattering  events  are  i.sotropic,  or  more  generally,  if 
they  only  connect  states  of  the  same  parity,  e.g.  ,s  — >  .s,  s  — *  d,  or  p  — *  p.  If  the  scattering 
is  primarily  in  the  forward  direction,  e.g.  from  a  weak  relatively  long  ranged  potential 
(compared  with  the  electron  wavelength)  the  vertex  corrections  can  be  signifirant[23]. 

With  these  approximations  the  conductivity  for  spin  i  in  the  c-direction  in  response 
to  an  electric  field  in  the  ^-direction  can  be  calculated  as  a  s>im  over  the  states,  k\  of  the 
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superlattice, 

=  (1) 

Here  V  is  the  volume  of  the  superlattice  cell,  tij  =  li~'Vi,E'(k)  is  the  electron  group 
velocity,  T‘{k)  is  the  Boltzmann  lifetime  defined  below,  and  /„(£)  is  the  Fermi  function. 
At  reasonable  temperatures  is  effectively  a  delta  function  at  the  Fermi  energy 

and  the  conductivity  can  be  written  as 


Using  the  fact  that 


gi  t  jVC. 


(2) 


(3) 


and  recognizing  that  u‘(F)T'(t)  is  simply  the  mean  free  path  in  the  z-direction,  fj,  we  have, 

(4) 


:/■ 


where  the  z-component  of  the  mean  free  path,  is  determined  by  the  imaginary 

part  of  the  solution  of  the  secular  equation.  Thus  l'{ki,ky)  =  l/(2ImF, )  where  k,  is  the 
(generally  complex)  solution  to 

E(k^,ky,k,)  ft  (5) 

for  given  fc*  and  ky.  The  detailed  justification  for  this  identification  of  the  mean  free  path 
or  the  lifetime  with  the  complex  dispersion  relation  within  KKR-CPA  theory  is  given  in 
reference[21]  and  was  used  to  successfully  calculate  the  electrical  resistivity  of  Ag-Pd  and 
other  alloy s(22]. 

Finally,  in  the  calculations  presented  here,  we  neglect  mechanisms  that  would  mix  the 
majority  and  minority  scattering  channels.  Examples  of  such  mechanisms  which  would 
be  effective  at  zero  temperature  are  spin-orbit  coupling  and  any  misalignment  in  the  ori¬ 
entation  of  the  moments  of  the  impurities.  At  higher  temperature,  spin  waves  would  be 
effective  in  mixing  the  scattering  channels. 


Results  for  Cu|Co 


Table  I  gives  the  calculated  conductivities,  lifetimes,  and  resistivities  for  multilayers 
with  equal  thicknesses  of  Cu  and  Co.  The  quoted  conductivities  and  resistivities  are  for 
a  single  spin  channel.  The  f  symbol  indicates  the  majority  spin  channel,  |  denotes  the 
minority  spin  channel,  and  A  indicates  either  of  the  spin  channels  for  the  case  in  which  the 
ferromagnetic  layers  alternate  in  moment  direction  (anti-ferromagnetic  alignment).  The 
calculated  mean  free  path  <  I',  >  is  the  average  of  the  component  of  the  mean  free  path 
in  the  z-direction  defined  as 


^  JdtxdfcyEne 

'  Jdkrdk, 


(6) 


where  the  sum  over  n  indicates  that  more  than  one  sheet  of  the  Fermi  surface  may  have 
a  projection  on  a  given  point  in  the  two  dimensional  zone.  This  definition  of  an  average 
mean  free  path  may  differ  from  other  definitions  and  the  appropriate  definition  for  use  in 
comparison  to  experiments  on  realistic  systems  may  depend  on  the  experiment  and  on  the 
details  of  the  Fermi  surface. 


Table  I:  Calculated  mean  free  paths,  single  channel  resistivities,  parallel  and  anti-parallel 
resistivities  and  GMR  ratios  for  CujCo  snperlatlires.  Currents  are  assumed  to  be  perpen¬ 
dicular  to  the  layers.  Cu6Co6,  for  example,  is  a  superlattice  with  6  layers  of  Cu  alternating 
with  6  layers  of  Co. _ 


system 

<n> 

</•  > 

p' 

/>' 

P’’ 

P^^P' 

units 

nm 

nm 

nm 

pflcm 

pflcm 

pflcm 

pflcm 

CulCol 

14.8 

0.588 

19.66 

8.24 

mmi 

12.90 

Cu2Co2 

335 

10.5 

16.4 

0.867 

27.59 

8.86 

0.903 

9.80 

Cu3Co3 

755 

11.7 

19.9 

0.385 

24.87 

7.30 

0.425 

17.17 

Cu4Co4 

860 

12.1 

18.0 

0.338 

24.12 

8.06 

0.379 

21.23 

Cu5Co5 

794 

18.8 

25.3 

0.a66 

15.45 

5.72 

0.431 

13.28 

Cu6Co6 

1733 

24.8 

33.5 

0.168 

11.73 

4.34 

0.253 

17.14 

The  column  labeled  is  the  calculated  resistivity  for  anti-parallel  arrangement  of 
the  magnetic  moments  in  neighboring  Co  layers  for  both  spin  channels.  The  resistivity  for 
the  two  spin  channels  is  identical  in  this  case  so  the  total  resistance  for  both  spin  channels 
will  be  half  of  the  single  channel  value.  The  column  labeled  is  the  net  resistance  (l>oth 
channels)  when  the  Co  moments  on  all  layers  are  parallel. 

The  magnitudes  of  the  resistances  depend  on  the  amount  of  a.ssumed  interfacial  in¬ 
terdiffusion,  but  we  expect  that  the  GMR  ratio  would  not  be  affected  if  the  amount  of 
interdiffusion  were  increased  under  the  assumption  used  here  that  all  of  the  moments  Jire 
aligned.  The  magnitude  of  the  GMR  effect  would  be  reduced  by  scattering  mechanisms 
such  as  phonons,  vacancies,  or  grain  boundaries  that  scatter  the  majority  and  minority 
spins  more  democratically  and  it  would  be  greatly  reduced  by  scattering  mechanisms  such 
as  misaligned  moments,  e.g.  in  the  interfacial  regioas,  that  cause  a  mixing  of  the  spin 
channels  and  by  spin  waves  at  higher  temperatures. 

For  reference,  the  calculated  single  channel  resistivities  (in  /lUan)  of  the  dilute  bulk 
alloys  were  Cu(l%Co):  p'  =  1.6,  p*  =  19.2  and  Co(l%Cu):  p'  =  0.42.  p*  =  4.92.  These 
are  in  reasonable  agreement  with  the  experimental  values  of  the  total  resistance  of  5.8 
for  Cu(Co)[24]  and  0.89  for  Co{Cu)(25]  if  it  is  remembered  that  the  interpretation  of  the 
resistance  of  dilute  Co  in  Cu  is  complicated  by  spin  orientation  and  Kondo  effects. 

Results  for  Pernialloy|Cu 

Table  If  gives  the  calculated  results  for  permalloy|Cu  superlattices  for  equal  thicknesses 
of  the  Ni,8Fe,2  layers  and  the  copper  layers.  The  calculations  are  for  currents  perpendicular 
to  the  layers.  The  remarkable  feature  of  the  results  is  that  the  calculated  mean  free  paths 
are  extremely  long  for  the  majority  channel  and  extremely  short  for  the  minority  channel. 
This  leads  to  extremely  large  values  of  the  predicted  GMR  ratio.  Values  of  the  resistivity 
in  excess  of  200fiQcm  in  the  minority  channel  are  unrealistic  and  result  from  a  breakdown 
in  the  assumption  that  the  bands  are  well  defined.  However,  very  strong  scattering  and 
high  resistivities  (on  the  order  of  lOOpIfcm)  in  the  down  spin  channel  should  be  expected 
since  the  potentials  of  Cu,  Ni,  and  Fe  are  very  different  for  minority  electrons. 

The  long  mean  free  paths  and  low  resistivities  calculated  for  the  majority  electrons 
result  from  the  fact  that  the  calculated  majority  Ni  and  Fe  potentials  have  almost  identical 
scattering  properties  at  the  Fermi  energy.  The  scattering  properties  of  the  Cu  atoms  are 
almost  as  close  but  do  not  match  quite  as  well.  This  should  not  be  surprising  since  Cu 
has  11,  valence  electrons  per  atom,  Ni  has  10  and  Fe  has  9.  Since  Fe  forms  a  moment  of 
about  2.6pB  and  Ni  a  moment  of  about  0.6  po,  the  number  of  electrons  per  atom  for  the 
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Table  ll:  Calculated  mean  free  paths,  single  channel  resistivities,  parallel  and  anti-parallel 
resistivities  and  OMR  ratios  for  permalloy(l’)|Cu  siiperlattices.  Currents  are  assumed  to 


system 

TilT- 

</*> 

<  1*’’  > 

“7^ 

units 

nm 

nm 

nm 

pllcm 

pflcm 

pflcm 

ptlcm 

PlCul 

707 

0.782 

1.291 

0.202 

183 

55.5 

0.202 

271 

P2Cu2 

681 

1.118 

1.668 

0.210 

128 

43.0 

0.210 

•204 

P3Cu3 

662 

0.557 

1.062 

0.216 

256 

67.5 

0.216 

312 

P4Cu4 

528 

0.286 

0.540 

0.271 

500 

132.5 

0.271 

489 

P5Cu5 

623 

0.191 

0.468 

0.230 

750 

152.5 

o.2:io 

664 

P6Cu6 

794 

0.119 

0.243 

0.180 

1206 

■294.1 

0.180 

1633 

majority  spins  is  5.5  for  Cu,  .5.3  for  Ni,  and  5.3  for  Fe.  According  to  our  calculations  the 
difference  in  the  number  of  electrons  per  atom  in  the  self-consistent  majority  potentials  for 
Ni  and  Fe  is  approximately  0.03.  In  contrast,  the  numbers  of  minority  electrons  per  atom 
on  the  Cu,  Ni,  and  Fe  atoms  is  approximately,  5.5,  4.7,  and  3.2.  It  should  be  remembered 
that  the  scattering  rates  scale  as  the  square  of  the  potential  difference. 

It  is  clear,  however,  that  the  calculation  omits  a  scattering  mechanism  that  significantly 
affects  the  majority  electrons.  The  calculated  resistivity  of  bulk  permalloy  is  0.038  /iflnn, 
approximately  100  times  smaller  than  the  experimental  valiie(26].  It  is  interesting  to  note 
that  Mertig  et.  al.  [27)  obtained  a  calculated  resistivity  that  is  also  two  orders  of  magni- 
tucde  too  small  in  a  very  thorough  study  of  the  single  impurity  limit  for  Fe  in  .Ni.  The 
resistance  of  very  dilute  alloys  of  Fe  in  Ni  is  reported  to  be[28]  0.39  /iilcm/at.%.  If  these 
calculations  are  correct,  the  implication  is  that  most  of  the  resistance  in  Ni{Fe)  alloys  is 
due  to  mechanisms  outside  the  standard  model.  One  obvious  omission  is  the  neglect  of 
spin-orbit  coupling. 
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ABSTRACT 


Recent  advances  in  molecular  beam  epitaxy  ’  ive  renewed  research  on  the  physics  of  artifi¬ 
cially  structured  magnetic  superlattices.  *  In  pai  ..cular,  there  has  been  much  theoretical  research 
on  the  propagation  of  magnetic  spin  waves  or  magnetic  polaritons  in  magnetic  superlattices.''^ 
In  this  work,  we  have  studied  the  effect  of  modulating  both  the  period  of  an  antiferromagnetic/ 
non-magnetic  semi-infinite  superlattice  and  the  relative  thickness  of  Its  individual  layers  to  see 
how  the  dispersion  relationships  ciifk)  for  bulk  and  surface  magnetic  polaritons  are  effected.  We 
have  also  calculated  the  effect  of  an  external  magnetic  field  on  oXk)  and  our  calculation  goes 
beyond  the  magnetostatic  approximation  by  taking  retardation  effects  into  account. 


METHODOLOGY 


The  geometry  of  the  magnetic  unit  cell  or  bilayer  for  our  superlaitice  calculation  is  shown 
below  in  Figure  1,  where  d|  is  the  width  of  the  antiferromagnetic  layer,  di  is  the  width  of  the 
non-magnetic  layer,  and  r  is  the  ratio  of  these  two  widths  (i.e.  r  =  d|/d2). 


Figure  1.  The  geometry  for  the  anti- 
ferromagnetic/non-magnetic  superlat- 
tice.  The  dark  regions  represent  the 
magnetic  layers  of  width  dj.  and  the 
light  regions  represent  the  non¬ 
magnetic  layers  of  width  d2.  The  unit 
cell  has  a  total  width  of  d,  =  dj  +  d2. 

unit  cett 

Our  system  is  semi-infinite  for  z  >  0  and  extends  to  infinity  in  both  the  x  ano  y  directions.  We 
assume  that  the  magnetic  superlattice  is  placed  in  the  Voigt  configuration,  where  the  propaga¬ 
tion  of  the  magnetic  polariton  is  parallel  to  the  surface  and  perpendicular  to  the  static  magneti¬ 
zation  Ms,  the  exchange  field,  anisotropy  field  H/^,  and  the  external  magnetic  field  Hq.  For 
this  calculation,  MnF2  is  the  antiferromagnetic  material,  where  Ms  =  0.6  kG,  =  550  kG,  H/|^ 
=  3.8  kG,  and  Olo  =  1168  Grad/s.  We  solve  Maxwell’s  equations  by  using  an  anisotropic  mag¬ 
netic  permeability  tensor  for  the  antiferromagnetic  layers  and  employ  Bloch’s  theorem  and  the 
transfer  matrix  technique'*  to  compute  dispersion  relationships  for  the  bulk  and  magnetic  sur¬ 
face  magnetic  polaritons,  both  in  the  absence  and  presence  of  Hj),  for  various  values  of  dj  and  r. 
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RESULTS 


Illustrated  in  the  tigurcs  below  are  the  results  of  our  calculations  of  totk)  for  bulk  and  surface 
magnetic  polarilons  as  a  function  of  geometry  and  applied  magnetic  held; 


(0/ 


BULK 
-KILAKITONS 


Figure  2.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polariions  for  an 
antiferromagneiic/non  magnetic  super¬ 
lattice  where  Ho  =  0.  d,  =  2xl()'^m  and 
"=  1. 


(0/  COq 


Figure  3.  The  dispersion  relaiionsbips 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polarilons  for  an 
aniiferromagneiic/non-magnctic  super- 
lattice  where  =  0.  d,  =  2xl0'^m  and 
r  =  2,  Note  that  the  gap  between  the  bulk 
modes  increases  as  r  is  increased. 


-2 
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(0/  (Do 


k  (x  10''  rad/m) 


Figure  5.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polaritons  for  an 
antiferromagnetic/non-magnetic  super¬ 
lattice  where  H(|  =  0,  d(  =  O.SxlO'^m  and 
r  =  2.  Note  that  as  r  increases,  some  of 
the  gaps  between  bulk  modes  increase. 


Figure  4.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polaritons  for  an 
antiferromagnetic/non-magnetic  super¬ 
lattice  where  Hp  =  0,  d,  =  0.5x10  ^m  and 
r  =  1.  Note  that  as  the  period  of  the 
superlattice  d,  is  increased,  the  bulk 
modes  are  split  into  mini-bands  due  to 
the  periodicity  of  the  system. 
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Figure  6.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(doited  line)  magnetic  polaritons  for  an 
antiferromagnetic/non-magnetic  super¬ 
lattice  where  Hq  =  400G,  d,  =  2xl0'^m 
and  r  =  I .  The  application  of  the  external 
magnetic  field  introduces  a  non-recipro¬ 
cal  nature  for  the  surface  magnetic 
modes  of  the  superlattice. 


Figure  7.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polaritons  for  an 
antiferromagnetic/non-magnetic  super¬ 
lattice  where  Hp  =  400G.  d|  =  2xl0'*m 
and  r  =  2.  Note  that  by  increasing  r,  the 
width  of  the  antiferromagnetic  layer 
increases  and  the  gaps  between  bulk 
modes  are  slightly  increased,  giving 
more  allowed  surface  modes. 
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Figure  8.  "The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polaritons  for  an 

antifetromagneiic/non-magnetic  super- 
lattice  where  Ho  =  dOOG,  d|  =  0.5x10  m 

and  r  =  1.  Again,  an  increase  in  the 
period  of  the  superlattice  causes  the 
appearance  of  mini-bands  in  the  bulk 
magnetic  polariton  spectrum. 


Figure  9.  The  dispersion  relationships 
for  bulk  (hatched  region)  and  surface 
(dotted  line)  magnetic  polaritons  for  an 

antiferromagnetic/non-magnetic  super¬ 
lattice  where  Hq  =  400G,  dj  =  0.5x10  m 
and  r  =  2.  An  increase  in  d,  cau.ses  a 
slight  increase  in  the  width  of  some  of 
the  gaps  between  bulk  modes  in  the  exci¬ 
tation  spectrum. 


CONCLUSIONS 


Our  calculations  for  the  bulk  and  surface  magnetic  polaritons  for  a  semi-inhnite  antiferro- 
magnetic/non-magnetic  superlattice  have  shown  a  strong  dependence  on  the  modulation  of  the 
period  of  the  superlattice  and  relative  thicknesses  of  the  two  components  of  the  bilayer,  both 
with  and  without  an  external  magnetic  held.  We  have  discovered  that  the  bulk  magnetic  polari- 
ton  dispersion  spectrum  is  invariant  to  the  relative  ordering  of  the  components  in  the  bilayers: 
however,  the  dispersion  relationships  for  surface  magnetic  polaritons  are  very  similar,  but  not 
identical  (note  that  this  result  is  not  explicitly  shown  in  our  hgures,  but  nevertheless  is  cor- 
rectl^A  Furthermore,  the  bulk  magnetic  polaritons  have  a  dispersion  relationship  which  is 
reciprocal  both  in  the  presence  and  absence  of  an  external  magnetic  held,  but  for  surface  mag¬ 
netic  polaritons,  the  reciprocity  is  broken  in  the  presence  of  an  applied  magnetic  held.  The 
effect  of  periodicity  on  the  excitation  spectrum  becomes  evident  with  minibands  appearing  in 
the  bulk  spectrum  as  d,  increases.  The  range  of  allowed  frequencies  for  our  calculated  magnetic 
surface  polaritons  is  restricted  as  r  reaches  some  critical  value  r^  =  r^Cd,).  Finally,  we  suggest  the 
use  of  ATR  and  Brillouin  light  scattering  experiments  to  verify  the  effect  of  modulation  on  the 
surface  magnetic  polaritons  for  these  systems. 
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ABSTRACT 

A  model  for  the  field  dependence  of  giant  magnetoresistance  (GMR)  in 
'granular'  co-sputtered  alloy  thin  films  (based  on  a  relatively  simple  spin- 
dependent  scattering  concept  appropriate  to  superparamagnetic  and  weakly 
ferromagnetic  films)  is  applied  to  new  experimental  data  from  the  CoeoFeio-Ag 
system.  The  model  and  the  experimental  data  can  be  shown  to  compare  very  well 
with  the  help  of  a  single  adjustable  parameter  related  to  spin  correlation  of 
adjacent  Co-Fe  clusters.  A  careful  fit  of  field-dependent  MR  data  and  theory  leads 
to  a  fairly  reliable  determination  of  spin-cluster  radius.  An  analysis  of  the  relative 
permeability  of  granular  GMR  films  derived  from  the  generalized  form  of  the 
Clausius-Mossoti  relationship  is  also  presented.  For  a  non-magnetic  matrix  the 
effective  relative  permeability  is  shown  to  be  materials  independent.  The 
permeability  model  is  applied  to  Co-Au  granular  films. 


1.  INTRODUCTION 

In  the  last  year,  remarkably  large  GMR  ratios  have  been  observed{eg.,1-6)  in 
single  layer  films  variously  described  as  'granular',  'metastable  alloys',  and 
'heterogeneous',  but  which  are  generally  prepared  by  co-sputtering  a  ferromagnet 
and  a  nonmagnet  which  phase  separate  (cluster)  under  equilibrium  conditions 
(eg.,  Co-Cu,  Co-Ag).  The  occurrence  of  GMR  is  associated  with  a  microstrucfure 
which  can  be  described  as  consisting  of  very  small  ferromagnetic  clusters  in  a 
'nonmagnetic'  matrix. 

The  field  dependence  of  GMR  in  granular  films  has  been  successfully 
accounted  fot[7]  by  extending  a  simple  model  of  magnetoresistive  scattering  in 
granular  films  due  to  Gittleman  et  al[8].  The  size  of  an  average  spin  cluster  in  the 
Co-Ag  system  has  been  tracked  as  a  function  of  annealing  using  this  model[7]. 
The  model  is  outlined  below  and  further  refined  to  allow  for  assessment  of  the 
range  of  spin  cluster  sizes  present  in  real  films. 

The  relative  permeability  of  granular  GMR  materials  (despite  its  obvious 
technological  relevance)  has  not  received  attention  to  date.  In  the  second  part  of 
this  paper  a  model  for  the  effective  relative  permeability  based  on  the  generalized 
form  of  the  Clausius-Mossotti  relationship  is  developed.  This  analysis 
demonstrates  that  the  effective  relative  permeability  is  materials  independent  and 
will  be  determined  by  geometrical  factors  alorie. 


2.  FIELD  DEPENDENCE  OF  GMR  IN  GRANULAR  MAGNETIC  FILMS[7] 

A  simple  model  of  electron  scattering  due  to  Gittleman  et  al[8]  is  adopted 
here  and  reformulated  in  terms  of  explicit  field  dependence.  The  scattering 
probability  is  assumed  to  be  linearly  dependent  on  the  degree  of  correlation  of  the 
moments  of  adjacent  pairs  of  spin  clusters  averaged  over  all  possible 
configurations  within  the  film.  This  is  expressed  as  <m/(H)>my(H)>/m2,  where  tm  is 
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the  magnetic  moment  of  the  it**  spin  cluster  and  where  |ni/|  >  m.  The  units  of  m  are 
A-m^.  If  scattering  within  the  clusters  is  ignored,  then  the  resistivity  of  the  film  in  the 
magnetized  state  may  be  expressed  a${8] 


p(H)  =  po  -  tc<fnXH)*m/H)>/m2 


(1) 


where  po  is  the  resistivity  in  zero  field  and  k  is  a  scattering  parameter  which  may  be 
regarded  as  a  temperature-dependent  materials  constant.  In  accordance  with  [8], 
molecular  field  theory  is  used  to  determine  <m/‘fn/>.  Since  the  clusters  are 
assumed  to  be  relatively  large  compared  with  atomic  dimensions,  classical 
magnetism  allows  the  above  average  to  be  expressed  as  m2[L(a)]2,  where  L(a)  is 
the  Langevin  function  and  a  is  the  dimensionless  parameter  a  =  |ioa'(H+XM)/kT.  In 
relatively  'dilute'  granular  films,  in  which  the  largest  GMR  effects  have  been 
observed  (typically  less  than  40  atomic  percent  ferromagnetic  component),  X  may 
be  ignored  and  a  expressed  as  H/Ho,  where  Ho  (A/m)  is  a  characteristic  field  given 
by  Ho  s  kT/pom.  Eq.  (1 )  may  therefore  be  expressed  as 


p(H/Ho)  =  poI1 -A{L(H/Ho))2]  (2) 


where  A  Is  a  normalized  scattering  parameter.  Eq.  (2)  can  achieve  a  relatively 
good  fit  to  the  experimental  data  by  a  suitable  independent  adjustment  of  the  two 
parameters  A  and  a.  The  first  of  these  is  solely  responsible  for  the  amplitude  of  the 
field  profile.  Independently,  a  controls  the  'width'  of  the  profile.  By  a  careful  fit  of 
field-dependent  magnetoresistance  data  and  the  model  described  in  Eq.  (2),  the 
characteristic  field.  Ho,  may  be  determined  with  reasonable  accuracy.  As  a  result, 
the  average  volume  of  a  spin  cluster,  V$c  (in  m3),  may  be  expressed  as 


Vjc  =  kT/poMsHo 


(3) 


where  Ms  is  the  saturation  magnetization  of  the  magnetic  component.  An  example 
of  the  fit  that  can  be  obtained  is  shown  in  Fig.  1  where  the  model  is  matched  to 
experimental  data  for  a  CogoFeio-Ag  granular  alloy  film.  The  value  of  Ho  here,  (1.0 
X  10®  A/m)  is  related  to  a  spin  cluster  volume  of  2.22  x  10-26  m®  which  is  equivalent 
to  a  sphere  of  radius  1 .7  nm.  A  closer  fit  of  the  model  to  the  data  at  the  low  field 
end  of  Fig.  1  results  in  a  reduced  value  for  Ho  of  0.67  x  10®  A/m  (equivalent  to  a 
cluster  radius  of  2.5  nm).  Conversely,  a  good  fit  of  the  model  at  the  high  field  end 
results  in  an  Hq  of  1.43  x  10®  A/m  (equivalent  to  a  cluster  radius  of  1.2  nm).  This 
result  Is  not  surprising  in  the  sense  that,  in  low  fields,  the  iarger  clusters  will 
dominate  contributions  to  the  magnetic  susceptibility,  while,  close  to  saturation, 
magnetic  behavior  will  be  dictated  by  the  smallest  clusters  with  the  largest 
interfacial  anisotropy  contributions.  The  above  result  suggests  a  standard 
deviation  on  the  mean  spin  cluster  volume  of  ~40%  for  the  sample  of  Fig.  1 . 
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Field  (kOe) 

Figure  1 .  Comparison  of  experimental  and  calculated  (using  Eq.  2)  MR  ratio  versus 
magnetic  field  for  a  Co9oFe«o-Ag  granular  alloy  film. 


3.  PERMEABILITY  OF  GRANULAR  FILMS 

For  superparamagnetic  or  quasi-superparamagnetic  films  of  the  sort 
described  above,  the  relative  permeability  can  be  determined  fairly  easily  from 
related  magnetic  measurements  using  the  Langevin  function[7].  As  we  have 
already  shown[7],  the  reduced  magnetization  of  the  film  in  small  fields  can  be 
expressed  as 


M/Ms  =  0/3  =  pomH/3kT  (4) 


Thus 


^'gfl  =  1  ♦  =  1  +  ^olTlMs/3kT 


(5) 


where  n'eti  is  the  relative  effective  permeabihty  and  x  =  If  we  consider,  for 
example,  (say)  a  Co-Ag  alloy  film  containing  30%  Co.  Ho  is  of  the  order  4  x  to^ 
A/m,  poMs  is  around  0.51T.  resulting  in  a  relative  susceptibility  of  ~4  and  a  relative 
permeability  of  ~5. 

3.1  Effective  Medium  Theory  and  Magnetic  Permeability 

By  applying  the  generalized  form  of  the  Clausius-Mossotti  relationship  to  the 
case  of  magnetic  fields  in  granular  media  it  has  been  shown[9]  that  it  is  possible  to 
arrive  at  two  alternative  formulations  for  the  relative  permeability  (p'etf)  of  a 
granular  alloy  or  cermet.  These  are  based  upon  well-known  effective  field 
formulations  for  effective  permittivity  introduced  separately  by  Bruggeman  and  by 
Maxwell  Garnett[10].  The  Bruggeman  formulation  is  probably  marginally  better- 
suited  to  alloy  systems,  but,  in  the  interests  of  algebraic  simplicity  the  Maxwell 
Garnett  approach  is  the  one  summarized  here. 

The  effective  magnetic  permeability.  peH.  with  this  approach.  becomes{9| 


Pc(Pm  +  X(L-1)(pm-Pc)] 

=  _ 

Pc  +  Lx  (Pm -Me) 


(6) 


where  pm  is  the  permeability  of  the  magnetic  clusters,  pc  (^c-po),  is  the  permeability 
of  the  conducting  matrix,  x  is  the  volume  fraction  of  the  matrix,  and  L  is  the  shape 
depolarization  factor  of  the  granules.  This  model  breaks  down  at  values  of  x  close 
to  the  percolation  limit  (x  -~0.6).  At  greater  magnetic  voiume  content,  there  is 
increasing  'networking'  of  the  clusters  with  consequent  rapid  increase  in  magnetic 
permeability.  Typically,  the  disparity  in  p  between  cluster  and  matrix  is  such  that 
Eq.  (6)  can  be  approximated  to  a  simple  generic  formula[9].  valid  for  all  granular 
media  below  the  percolation  limit,  of  the  form 


preft  =  l1  +x(L-1)]/U 


(7) 


Clearly,  for  spherical  granules,  Eq.  (7)  reduces  to 


pfe«  =  (3  -  2x)/x 


(8) 


Some  preliminary  permeability  data  are  shown  in  Fig.  2  for  as-deposited 
granular  Co-Au  films.  As  predicted,  the  experimental  data  indicate  a  rapid 
escalation  of  p'en  above  the  percolation  limit.  In  the  Au-rich  regime,  Eq.  (7),  with  L 
of  -  0.1 ,  seems  to  give  the  best  fit  to  the  (limited)  data.  If  this  is  correct,  it  suggests 
rather  oblate  spin  clusters  whose  major  axes  lie  in  the  (1 1 1)  lattice  planes  of  these 
(111)  textured  samples.  This  is  too  drastic  a  conclusion  to  be  drawn  from  such 
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limited  data  but  it  does  indicate  a  useful  future  direction  for  magnetic  studies  on 
these  systems. 

One  final  comment  must  be  made  here  concerning  inverted  granular  films{9]: 
i.e.,  films  in  which  the  ferromagnetic  component  forms  the  matrix  and  encapsulates 
granules  of  Ag,  Cu,  Au.  etc.  Under  these  circumstances,  effective  medium  theory 
gives 


Pe«  =  -  L)/{1  -  Lx) 


(9) 


which,  obviously,  can  reach  high  numerical  values  for  small  x.  None  of  these 
systems  has  yet  shown  large  amplitude  GMR  but  some  do  appear  to  have  unusual 
AMR  characteristics. 


a/o  Au 


Figure  2.  Comparison  of  experimental  and  calculated  (using  Eq.  7)  relative 
permeability  versus  magnetic  field  for  Co-Au  granular  alloy  films. 
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ABSTRACT 

Giant  magnetoresistance  (OMR)  is  reported  in  as-deposited  Agj  ^(.'o^  (x  =  0.26-0.S3)  films 
co-sputtered  on  Si  from  separate  Ag  and  <'o  targets.  GMR  ratios  (10  KOe  maximum  field) 
exceeding  0.50  and  0.19  at  5  and  295  K,  re.spectively,  are  observed  for  the  Agj,  ^,<.'0^  jj  films 
deposited  at  =;28  to  175  The  maximum  ratios  of  0.55  and  0.24  occur  at  a  substrate 
temperature  of  ==125  °C  for  these  films.  The  ratios  decrease  rapidly  for  the  films  deposited 
at  temperatures  >  175  “C  and  reduce  to  5d).l5  and  0.04  at  deposition  temperatures  >300 
°C.  This  deposition  temperature  dependence  of  (7 MR  ratios  is  interpreted  in  terms  of  the 
change  in  the  spin-dependent  interfacial  electron  scatterings  due  to  the  change  in  the  size  and 
number  of  ferromagnetic  Co  particles  within  the  electron  mean  free  path.  The  initial  increase 
and  the  subsequent  decrease  in  GMR  ratios  with  increasing  deposition  temperature  are 
attributed  to  the  increase  in  the  mean  free  path,  and  the  Co  and  Ag  particle  size,  respectively. 
Changes  in  mean  free  path  are  obtained  from  the  resistivities  of  these  films  while  changes  in 
Ag  and  f'o  particles  are  deduced  mainly  from  the  X-ray  dilfraction  patterns,  transmission 
electron  micrographs,  and  the  cocrcivities  of  these  films. 

INTRODUCTION 

The  recent  reports'  ’  of  giant  magnetoresistance  (GMR)  effect  in  granular  thin  film 
composites  of  ferromagnetic  particles  imbedded  in  a  non-magnetic  metallic  matrix  have 
stimulated  a  great  deal  of  research  activities  because  of  its  potential  technological  importance 
and  fundamental  scientific  interest.  These  films  are  prepared  by  co-deposition  of  immisibic 
magnetic  and  non-magnetic  components  at  ambient  or  lower  temperatures  followed  by 
annealiiig  to  piecipitatc  magnetic  particles  from  the  non  magnetic  matrix.  As  in  the 
magnetic/nonmagnetic  multilayer  systems,  interpretations  of  this  GMR  effect  generally  are 
based  on  spin-dependent  electron  scattering  at  the  interfaces  between  the  ferromagnetic 
particles  and  matrix".  So  far,  the  GMR  results  reported  in  granular  Co-Ag  films  *  were 
obtained  from  films  deposited  at  either  ambient  temperature  or  lower  followed  by  a  high 
temperature  post  annealing,  fo  our  knowledge,  no  systematic  studies  on  the  effect  of  film 
deposition  temperature  has  been  made.  In  this  paper,  GMR  of  as-deposited  Ag,  ^Co^ 
(x~  0.26-0.53)  thin  films  prepared  by  sputtering  separate  Ag  and  Co  targets  at  substrate 
temperatures  ranging  from  28  to  354  “C  is  reported.  A  (iMR  ratio  as  high  as  0.24  at  room 
temperature  is  achieved  for  the  films  with  x=  0.3.3  and  deposited  at  125  °C.  fhe  GMR  ratio 
was  found  to  degrade  substantially  for  the  films  deposited  at  175  °C.  fhis  degradation  is 
attributed  to  the  decrease  in  spin-dependent  interfacial  scattering  due  to  excessive  growth  of 
Ag  and  Co  particles  in  the  films  deposited  at  higher  temperatures. 

EXPERIMENTAL 

I  hin  (=^1,500  A  thick)  films  of  Ag,  ^('o^  (x  =  0.26  to  0.53)  were  deposited  on  (100)  Si  at 
28-3.54  °C  from  separate  Ag  (99.99%)  and  Co  (99.9%)  targets  in  =-13  m'forr  Ar  (99.99%), 
using  a  RT  magnetron  sputtering  technique.  Ihc  background  pressure  in  the  sputtering 
chamber  is  typically  =:5-8  x  10*  Torr.  flic  deposition  rate  is  =:.50  A/min.  with  a  typical  Rf 
power  input  to  the  target  of  .50  and  .50-150  W  for  the  Ag  and  Co  target,  respectively.  During 
deposition,  the  substrate  holder  rotates  at  a  rate  of  30  rpm  between  the  two  targets  to  ensure 
the  compositional  uniformity  of  the  films.  The  temperature  of  the  substrate  (  i  j)  was 
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measured  with  a  thromcl-alumel  thermocouple  located  at  I  mm  away  I'rom  the  edge  ol  the 
substrate  holder.  The  substrate  holder  and  thermocouple  arc  enclosed  in  a  quart/  lamp 
heater  housing  shiektcd  with  gla/cd  Au-rcflcctors  to  minimize  tnc  heat  los"  and  temperature 
gradient. 

The  resistivity  of  the  (ilm  was  obtained  from  an  I -inch  diameter  sample,  using  a 
commercial  four  point  probe.  I  he  thickness  of  the  film  was  determined  with  a  commercial 
profilometer  across  a  chemically  etched  step.  I  he  dcpctrdence  of  resistance  of  these  films  on 
nC  magnetic  fields  (10  K()c  maximum)  was  obtained  using  a  low  freciuency  {8.S  II/)  four 
point  probe  with  the  IK'  field  applied  parallel  or  perpendicular  to  the  film,  and  with  the 
current  (0..8  mA)  flowing  in  the  direction  parallel  or  transverse  to  the  in-plane  magnetic  field 
Magnetic  properties  were  investigated  at  room  temperature  using  a  Princeton  Measurements 
('orporation  alternating  gradient  magnetometer  The  composition  of  the  films  were 
determined  by  Rutherford  back  scattering  (RDS).  electron  microprobe  (TMP).  and  X-ray 
fluorescence  (XRf')  techniques.  Scanning  electron  microscopy  (STM),  transmission  electron 
microscopy  (TfiM),  and  X-ray  difTraction  (XRD)  were  used  to  study  the  film  morphology 
and  crystal  structure.  Depth  profiles  of  some  of  these  films  were  obtained  using  secondary 
ion  mass  spectrometry  (SIMS),  Auger  electron  spectroscopy  (AT.S),  and  X-ray  photoelectron 
spectroscopy  (XPS)  to  study  the  possible  impurity  contamination  in  the  films. 


RESULTS  AND  DISCUSSION 

The  SIMS  and  AI  S  depth  profiles 
obtained  at  different  regions  of  the  films 
show  a  constant  Ag  to  (.'o  ratio 
throughout  the  bulk  of  the  film.  No 
significant  C,  O,  or  Si  contamination  in 
the  films  were  delected,  except  on  the 
film  surfaces  and  at  the  film-substrate 
interfaces.  from  the  results  of  XPS 
analysis,  Ag  is  found  to  remain  in  its 
metallic  state  (Ag  3d  at  367.9  eV)  vshile 
Co  oxide  or  hydroxide  ((a)  2p  at  780  0 
eV)  are  detected  on  the  air-exposed 
surfaces  of  these  films,  fhesc  (,o 
compounds  are  limited  only  to  the 
surfaces  of  these  films  since  they 
disappear  rapidly  after  brief  sputter 
cleaning,  f  lic  binding  energy  of  Co  and 
Ag  obtained  from  the  regions  underlying 
the  surfaces  of  these  films  corresponds 
to  that  of  elemental  Co  (Co  2p  at  777.9 
eV)  and  Ag  (Ag  3d  at  367.9  cV).  fhesc 
results  indicate  that  no  inlcrmei.illic 
compound  is  forming  between  Co  aiul 
Ag,  as  expected  from  the  Ag-Co  pli.isc 
diagram,  fhis  is  true  for  all  the  Ag-Co 
films  studied,  regardless  of  deposition 
temperatures.  However,  Ag  and  Co 
ato'ns  arc  quenched  into  a  mclastahic 
solid  solution  during  spinier  deposition 
at  low  temperatures,  as  discussed  later. 


H  (k  Oe; 


figure  I.  .Sheet  lesislaiuc  measured  il  5 
and  295  K  vs  magneli*.-  lieUl  lor  a 
Ag„,,Co,|,,  film  rirposiied  al  l.’5  K 
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Figure  2.  Magnctoresistancc  ratio  (AR/R)  of  films  vs  film  deposition 

temperature.  AR/R  were  measured  at  5  and  295  K. 
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lugure  3.  Room  temperature  rcsi.stivity  of  Ago^,(-o„„  films  vs  film  deposition  temperature. 


1  he  sheet  resistance  at  2h5  ami  S  K  vs  DC  field  applied  perpendicular  to  the  film  is  shown 
in  1  ig  I  Tor  the  Agy^,CO|,,,  film  deposited  at  125  “C.  It  can  he  seen  that  the  resistance  is 
not  I'ully  saturated  even  at  the  highest  field  available  (Id  KOc)  I  his  is  typical  lor  all  the 
granular  Ag-Co  films  studied  so  lar.  I  he  magnetoresistance  ratio  (AR/R),  calculated  Ironi 
the  ratio  of  the  maximum  change  in  resistance  over  the  field  range  (h-IO  KOc)  to  the 
resistance  at  the  highest  field,  is  0.24  and  0..5.5  at  205  and  .5  K,  respectively,  for  this  film, 
l  or  the  films  deposited  at  12.5  "C,  the  Co  concentration  that  shows  the  highest  AR/R  was 
found  to  be  The  values  of  AR/R  measured  at  5  ami  295  K  arc  given  in  l  ig.  2  as  a 

function  of  (2S-.^.54  “C)  for  the  films  w'ith  this  Co  concentration.  The  Co  concentration 
in  these  films  is  kept  at  a  constant  value  of  0.5540.01,  as  shown  by  RBS,  I  MP  and  XRl 
analysis.  The  AR/R  value  measured  at  295  K  increases  only  slightly  from  ~0. 18  to  :5^0.24 
when  Tj  changes  from  28  to  12.5  °C.  It  starts  to  decrease  at  higher  I'^s,  more  rapidly  at 
I  j  ■■  200  "(.'  and  reaching  a  value  of  ~  0.04  for  the  films  deposited  at  >5(X)  "C.  Similar  1'^ 
dependence  was  ob.served  for  the  data  measured  at  5  K.  with  AR  R  increasing  from  ^0..5(i 
to  0.5.5  when  changes  from  28  to  125  "C  and  decreasing  to  ^0.15  at  'l',>500  °C. 


To  understand  the  eficct  of  1^  on  AR'R.  especially  the  degradation  of  AR'R  at  higher 
TjS,  a  variety  of  techniques  were  used  to  characteri/e  these  films.  Electron  difiVaction 
patterns  indicate  that  the  films  deposited  at  lower  temperatures  consist  of  a  mctastabic  fee 
Ag-Co  solid  solution.  X-ray  difiVaction  patterns  of  these  films  exhibit  essentially  single  phase 
fee  peaks  attributable  to  the  (III),  (220),  and  (311)  planes  of  the  metastable  Ag-Co  solid 
solution.  No  evidence  of  fee  or  hep  Co  was  cletected  in  these  films  by  XRl)  and  i  r.M.  On 
the  other  hand,  fee  Co  (on  the  order  of  100  A  in  si/c)  was  unambiguously  identified  in  the 
film  depositeu  at  "C  by  the  diiiraetion  pallciiis  of  the  fee  Co  (200)  planes.  I  be  films 
deposited  at  higher  temperatures  thus  consist  of  separate  fee  Ag  and  fee  Co  particles,  I'he 
d-spacings  of  (HI)  planes  in  these  films  systematically  increase  with  increasing  T^,  eg.,  from 
2.328  A  for  the  film  deposited  at  28  "C  to  2.3,58  A  for  the  film  deposited  at  354  "C.  I'hc  latter 
value  is  very  close  to  that  of  pure  Ag  (2.3.59  A),  due  to  enhanced  phase  separation  between 
Ag  and  Co  in  the  films  deposited  at  higher  I'^s.  The  crystallite  si7e  of  Ag  also  appears  to 
increase  with  increasing  T^,  since  the  line  w'idth  of  the  Ag  (II I)  reflection  peaks  decreases 
with  increasing  1'^.  This  rc.sull  is  consistent  with  the  formation  of  network  of  Ag-rich 
nodules  a^O.S  ^m  in  size  as  revealed  by  SHM  (under  both  secondary  and  back-scattered 
electron  modes)  for  the  films  with  T,  >2.50  "C.  High  spatial  resolution  AI:.S  depth  profiles 
show  that  the  Ag  concentration  in  the  nodules  is  =:S0''',.,  compared  to  the  average  Ag 
concentration  of  67%  observed  for  the  films  without  nodules.  These  Ag-rich  nodules  arc 
thought  to  form  by  aggregation  of  Ag  as  Ag  atoms  arc  more  mobile  during  high  temperature 
deposition  due  to  the  lower  melting  temperature  of  Ag  (960.8  °C)  than  Co  (1495  °(.),  The 
presence  of  a  network  of  Ag-rich  nodules  is  also  consistent  with  the  fact  that  the  resistivity 
(p)  of  the  films  deposited  at  22.5-3.54  ”C  reaches  a  value  ^^^3x  of  that  observed  for  pure  Ag 
films  (3.7  X  10'^  U.cm)  as  can  be  seen  from  the  p  vs  data  given  in  Tig.  3.  This  figure  also 
shows  that  the  p  of  these  films  decreases  .approximately  linearly  with  increasing  T^  to  2t8) 
°C,  before  leveling  off  to  the  value  mentioned  above  at  higher  T^s.  The  decrease  in  p  with 
increasing  T^  can  be  attributed  to  the  increasing  lattice  ordering  and  particle  size.  The 
growth  and  aggregation  of  Ag  particles  were  evident  from  the  XRD  and  .SfiM  data  shown 
earlier.  The  growth  of  Co  particles  with  increasing  1'^  can  also  be  inferred  from  the  magnetic 
coercivity  (11^  measured  at  room  temperature  vs  the  T^  of  these  films,  shown  in  Fig.4  for  the 
magnetic  field  applied  both  perpendicular  and  parallel  to  the  film  surface.  The  I!j,s  of  those 
films  are  obtained  from  their  magnetic  hysteresis  loops.  The  presence  of  hysteresis  loops  in 
the  magnetization  measurements  indicates  that  the  Co  particles  in  the  films  are 
ferromagnetic,  not  superparamagnetic.  The  II^s  are  small  (20- .50  Oe)  and  increase  only 
slightly  with  increasing  1'^  for  the  films  deposited  at  Tj<  200  ”C,  They  increase  more  rapidly 
with  increasing  T^  for  T^^lOO  °C.  This  increase  in  1 with  T^  is  consistent  with  an  increasing 
Co  particle  size  in  these  films  with  increasing  1'^.  The  Co  panicles  in  the  films  deposited  at 
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l'j<200  arc  nearly  super  paramagnetic  ami  grow  more  rapidly  at  higher  I'^s.  However, 
he  Co  particles  in  these  films  remain  as  single-domain  particles  with  their  ll^s  decreasing 
vith  decreasing  particle  si/c  due  to  thermal  efrccts’.  It  should  also  be  pointed  out  that  no 
agnificant  anisotropy  was  observed  for  11^,  since  the  values  shown  in  l  ig.  4  arc  about  the 
:amc  in  both  field  orientations.  Similar  1^  and  rteld-oricntation  dependence  of  11^  was 
eported  previously  for  a  series  of  Co-Ag  composite  films  with  19%  Co"'. 

The  dependence  of  AR/R  can  be  interpreted  in  terms  of  the  chuiige  in  .si/c  and  Ciumbci 
)f  ferromagnetie  particles  within  the  electron  mean  free  path  discussed  previously  '  s.ii 
Tom  the  decrease  in  f>  with  f^  for  the  films  deposited  at  I,,-"  218)  "(  (fig.  .t),  the  electron 
ncan  free  path  should  increase  with  I,,.  Ihc  slight  increase  in  AR/R  with  1^  for  these  films 
s  probably  a  consci|ucncc  of  increasing  spin-dependent  interfacial  scattering  due  to 
iicrcasing  mean  free  path,  l  or  the  films  deposited  at  r^>2tK)  "C.  the  decrease  in  AR/R  with 
j  can  be  attributed  to  the  grow'th  of  Co  particles  and  the  aggregation  of  Ag.  I  hc  growth 
of  Co  particles  and  the  larger  spacings  bciw'ccn  Co  particles  due  to  the  aggregation  of  Ag 
both  have  the  cIT'cct  of  reducing  the  surface  to  volume  ratio  and  thus  the  number  of  Co 
particles  within  the  mean  free  path.  Ibis  again  leads  to  a  reduction  in  the  spin-dependent 
interfacial  electron  scalicring  responsible  for  (iMR.  The  magnetic  couplings  betw'ccn  Co 
particles  are  also  weakened  due  to  the  larger  Ag  spacings.  fhis  could  also  result  in  a  reduced 
AR/R,  analogous  to  the  long  range  behavior  of  AR'R  observed  in  magnctic/nonmagnctic 
multilayer  systems. 
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SUMMARV 

(liant  magnctorcsistancc  in  as-dcpositcd  granular  Ag,  films  is  reported.  F  or  the 
Ago67^  °0  33  Fhe  value  of  AR/R  increases  .slightly  when  the  film  deposition  temperature 
increases  from  2S  to  I2.S  °C,  and  decreases  substantially  at  deposition  temperatures  higher 
than  200  “C.  The  deposition  temperature  dependence  of  AR/R  is  interpreted  in  term  of  the 
change  in  the  spin-dependent  interfacial  electron  scattering  of  these  films.  The  initial  increase 
and  the  subsequent  decrease  in  AR/R  can  be  attributed  to  the  increase  in  the  electron  mean 
free  path  and  the  increase  in  Ag  and  (,'o  particle  si/c,  respectively.  Ihe  change  in  electron 
mean  free  path  is  obtained  from  the  resistivities  of  these  films,  while  the  growth  of  Co  and 
Ag  particles  is  deduced  from  the  X-ray  dilTraction  patterns  and  the  magnetic  coerciviiics  of 
these  films.  The  larger  mean  free  path  increases  the  number  of  ferromagnetic  ('o  particles 
and  thus  increases  the  intcrfacial  electron  scattering.  On  the  other  hand,  the  larger  Co  and 
Ag  particles  reduce  the  surface  to  volume  ratios  and  increase  the  spacings  between 
ferromagnetic  Co  particles,  and  thus  reduce  the  spin-dependent  interfacial  electron 
scattering. 
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ABSTRACT 


Although  much  has  been  published  on  giant  raagnetoresi stance  (GMR)  in 
co-deposited  thin  films  [1-4],  only  little  [5]  has  been  published  on  the 
structure-property  relationships  limiting  the  effect.  Here,  we  report  the 
results  of  microstructural  characterization  of  NiFeAg  thin  films  that 
exhibit  a  GMR  effect.  The  as-deposited  films  show  a  sizeable  GMR  effect.  The 
maximum  GMR  effect  observed  was  6.4%  with  -4k0e  FWHM  of  the  ip/p  peak. 

Upon  annealing  these  films,  the  GMR  at  first  increases,  and  then  decreases. 
We  present  microstructural  evidence  from  TEM  and  XRO,  amongst  other 
techniques,  which  shows  that  this  is  a  consequence  of  the  initial  NiFeAg 
thin  film  agglomerating  into  NiFe  grains  in  a  predominantly  Ag  segregant 
matrix.  Upon  extended  annealing,  excessive  grain  growth  leads  to  a  decrease 
in  the  GMR  as  predicted  by  the  model  of  Berkowitz,  et  al .  [1]. 


INTRODUCTION 


The  phenomenon  of  giant  magnetoresistance  (GMR)  is  well  established  in 
multilayers  containing  antiferromagnetically  coupled  ferromagnetic  materials 
separated  by  non-magnetic  interlayers  [6-8].  The  phenomenon  of  giant  magneto- 
resistance  in  granular  ferromagnetic  materials  isolated  in  a  non-magnetic 
matrix,  or  granular  giant  magnetoresistance  (GGMR,  6*MR),  has  only  recent¬ 
ly  been  discovered  [1-4].  The  structure-property  relationships  in  these 
materials  is  just  beginning  to  be  understood  [5].  To  gain  insight  into  the 
mechanisms  underlying  this  effect,  we  compared  the  unannealed  microstructure 
of  a  NiFeAg  thin  film  and  that  of  samples  annealed  at  300°C,  SSO^C,  and 
400'’C  for  10  min  each  with  the  accompanying  changes  in  the  G^MR. 


EXPERIMENTAL  DETAILS 


The  samples  were  produced  in  a  Sputtered  Films  Incorporated  (SFI)  S-gun 
magnetron  sputtering  system  by  codeposition  from  a  pure  Ag  and  a  NijjFe,, 
target  so  that  the  films  were  '75%  by  volume  Ag,  the  remainder  NijiFPi,. 

The  films  were  nominally  300A  thick.  They  were  annealed  by  rapid  thermal 
processing  in  an  AG  Heatpulse  model  610  system  for  10  min  at  300'’C,  350°C, 
and  AOOOC,  respectively.  The  magnetoresistance  was  measured  in  a  Digital 
Measurement  Systems  VSM  equipped  with  a  four  point  probe  for  measuring 
resistance  changes.  GMR  measurements  were  performed  at  room  temperature. 

The  microstructural  changes  in  the  samples  were  characterized  by  x-ray 
diffraction  (XRD)  analysis  on  the  Rigaku  DMAX-IOOO  system  using  the 
conventional  Bragg-Brentano  reflection  geometry,  and  at  a  grazing  incidence 
angle  of  5“  whilst  scanning  26,  Through  foil  (TF)  transmission  electron 
microscopy  (TEM)  was  performed  on  the  samples  using  the  JEOL  4000FX 
analytical  TEM.  The  samples  were  prepared  for  microscopy  by  lapping  them 
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until  they  became  transparent  to  the  transmission  of  light,  which  is 
somewhat  less  than  5  p  in  thickness.  Final  thinning  was  accomplished  by 
ion  milling  using  a  liquid  nitrogen  cooled  stage  in  a  Gatan  dual  ion  mill. 
Both  bright  field  (BF)  and  dark  field  (OF)  images  using  the  220  reflection 
were  obtained  of  the  samples.  Selected  area  electron  diffraction  (SAD) 
patterns  were  obtained  of  these  TF  samples  both  at  normal  incidence  to  the 
sample  surface  and  at  tilt  angles  of  30°.  Scanning  electron  microscopy 
(SEM)  using  a  Hitachi  S-800  high  resolution  field  emission  jtM  was  performed 
to  corroborate  the  XRO  data  on  phase  separation.  Similarly,  atomic  force 
microscopy  was  used  to  confirm  the  TEM  observations  using  the  Nanoscope 
model  II. 


RESULTS  AND  DISCUSSION 


Figure  1  shows  the  results  of  the  magnetoresistance  measurements  of  the 
as-deposited  and  the  three  annealed  samples  as  a  function  of  the  applied 
field.  Table  I  summarizes  the  key  features  of  these  sc/p  plots.  The 
maximum  6o/o  of  the  as-deposited  sample  is  “S'!.,  but  the  curve  is 
extremely  broad  with  a  fairly  large  FWHM.  i.  e.  H(50%),  of  “12  kOe.  Upon 
annealing,  the  maximum  .io/o  more  than  doubles  and  the  FWHM  falls  by 
about  a  factor  of  two.  Upon  further  annealing  at  350°C,  this  trend  continues 
but  at  a  substantially  slower  pace.  However,  upon  annealing  at  400°C.  the 
maximum  4p/d  begins  to  drop  even  though  the  FWHM  improves,  which  is 
evident  from  the  narrowing  of  the  6d/?  plot. 

Figure  2  shows  the  XRO  data,  and  Table  I.  the  peak  broadening  and  grain 
sizes  giving  rise  to  this  broadening  obtained  for  the  respective  samples.  It 
is  apparent  that  the  as-deposited  film  has  a  small  grain  size,  as  well  as 
minimal  intensity  at  the  location  of  the  Hi,,Fe-.  Ill  reflection,  which 
suggests  that  the  film  is  primarily  a  metastable  FCC  alloy  of  NiFeAg,  In 
addition,  the  strong  Ag  111  reflection  indicates  that  these  films  have  a 
significant  Ag  111  fiber  texture.  As  annealing  progresses,  finite  intensity 
grows  at  the  position  of  the  Ill  -eflection  of  NijiFe.,,  and  the 
intensity  of  the  111  Ag  reflection  increases.  There  is  also  a  steady 
orogressive  narrowing  of  both  111  reflections  for  Ag  and  NijiFe^,.  which 
is  indicative  of  grain  growth  in  both  the  Ag  matrix  and  the  NisjFei, 
grains  entrained  within  it.  The  respective  grain  sizes  can  be  calculated 
from  the  width  of  these  peaks  using  the  well-known  Schemer  formula  [9]  for 
x-ray  peak  broadening  as  a  function  of  the  coherent  scattering  domain  size, 
presumably  the  grain  size  of  the  respective  phases  within  the  material. 


Table  1.  Results  of  Magnetoresistance  Measurements  and 
X-ray  Diffraction  Grain  Size  Analysis 


Sample 

eip/ 0 

h(50%) 

■1 

Broadening 

_ 1 

Grain 

Size 

r%3 

[Oe] 

Ag 

NiFe 

Ag 

NiFe 

As-Deposited 

2.93 

3.80° 

47S 

23A 

300°C/10min 

6.32 

5576 

1.20° 

3.40° 

73A 

25A 

350°C/10min 

6.43 

4088 

2.60° 

1 _ j 

lOOA 

33A 

400®C/10m1n 

I 

4.31 

. 

2251 

-1 

0.60° 

167A 

63A 

Fig.  1.  Results  of  magnetoresistance  measurements  on  NiFeAg  thin  films 
measured  at  room  temperature  comparing  the  as-deposited  state  with  that 
after  anneals  at  300°C,  350°C,  and  400°C  for  10  mins. 


Fig.  2.  0/20  (Bragg-Brentano)  XRD  scans  of  NiFeAg  thin  films  comparing 
the  as-deposited  state  with  that  after  anneals  at  300°C,  350°C,  and  400°C 
for  10  mins. 
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What  is  evident  from  inspection  of  Table  I  and  Figures  1  and  2  is  that 
<5p/p  increases  with  the  precipitation  of  the  equilibrium  Nis-Fe,,  phase,  but 
subsequently  decreases.  Qualitatively,  this  behavior  can  be  explained  as  fol¬ 
lows.  Since  the  as-deposited  film  is  primarily  metastable  FCC  Ag  with  NiFe 
impurities,  it  is  expected  to  have  relatively  poor  ferromagnetism;  the  ferro¬ 
magnetism  which  is  present  is  presumably  due  to  impure  NijiFej,  grains 
which  give  rise  to  the  broad  weak  peak  appearing  as  a  shoulder  on  the  pri¬ 
mary  111  Ag  peak  at  the  location  of  the  111  Nij,Fe,,  reflection.  Anneal¬ 
ing  results  in  the  demixing  of  the  NiFe  and  Ag  in  the  initial  metastable 
alloy  to  produce  both  purer  Ag  and,  what's  more  important,  purer  ferromag¬ 
netic  NijjFejg.  Thus,  the  effect  of  scattering  from  decoupled  ferromag¬ 
netic  NijiFej,  grains  of  random  polarization  increases,  which  gives  the 
observed  GMR  [1-5].  This  effect  continues  until  the  grain  size  of  these 
ferromagnetic  grains  becomes  so  large  that  electrons  undergo  fewer  scatter¬ 
ing  encounters  with  grains  of  differing  polarization,  whence  the  GMR  begins 
to  decrease  in  accord  with  the  predictions  of  Berkowitz  et  al .  model  [1]. 

To  shed  further  light  on  these  observations,  the  samples  were  examined 
in  the  SEM.  Secondary  electron  images  showed  the  presence  of  asperities  on 
the  surface  of  these  samples  which  was  most  pronounced  in  the  most  severely 
annealed  samples.  In  addition,  backscattered  images  showed  the  separation  of 
material  into  regions  of  increased  and  diminished  scattering  power  consis¬ 
tent  with  the  demixing  hypothesis.  Subsequent  AFM  imaging  indeed  confirmed 
the  presence  of  hillocks  on  the  surface  of  the  samples  which  were  largest  in 
the  case  of  the  highest  temperature  anneal . 

TF  TEM  samples  were  also  prepared.  Figures  3a-d  show  BF  images  of  the 
microstructure  of  this  material  in  the  as-deposited  and  post-annealed 
conditions.  The  as-deposited  sample  shows  a  fine  grain  size  <  SOS,  and  the 
presence  of  small  Ag-rich  hillocks  with  faceting  indicative  of  a  111  growth 
habit  perpendicular  to  the  substrate.  The  identification  of  these  features 
as  hillocks  residing  on  the  surface  of  the  film  was  done  by  comparing  their 
shape  with  similar  features  identified  as  asperities  in  the  AFM  images. 

Their  high  Ag  content  was  confirmed  by  energy  dispersive  (EDS)  x-ray 
analysis  using  a  small  electron  probe  confined  to  the  particle  during  the 
TEM  analysis.  The  grain  size  increases  upon  annealing  to  -lOOA.  However, 
the  size  of  the  hillocks  increases  dramatically  >  1500A.  SAD  patterns  taken 
from  these  samples  (see  Figs.  4a-d)  confirm  the  presence  of  a  strong  111 
fiber  axis  texture  in  these  films  from  the  enhanced  intensity  of  the  220 
reflection  ring.  When  the  samples  were  tilted,  the  diffraction  rings  broke 
up  into  arcs  which  is  consistent  with  a  fiber  axis  texture  and  confirms  the 
earlier  XRO  observations.  The  increasing  grain  size  is  also  confirmed  by  the 
progressively  increasing  "spottiness"  of  the  diffraction  patterns.  Using  the 
220  reflection,  OF  images  (see  Figs.  3e-h)  were  obtained  of  these  samples 
which  is  consistent  with  a  111  growth  habit  for  the  Ag-rich  hillocks  that 
appear  in  strong  contrast.  The  grain  size  of  the  films  exclusive  of  the 
Ag-rich  hillocks  was  also  made  more  apparent  in  DF.  The  observation  of 
Ag-rich  hillocks  suggests  that  not  only  Ag  is  the  more  mobile  species  during 
the  anneal,  but  also  the  action  of  an  Ostwald  ripening  mechanism  [lOJ  in 
their  formation  and  growth. 


CONCLUSIONS 


Three  mechanisms  have  been  identified  for  the  observed  changes  in 
G’MR  in  NiFeAg  thin  films:  1)  demixing  of  the  metastable  FCC  phase, 

2)  Ostwald  ripening  of  precipitates,  3)  Ag  hillock  formation.  Demixing  and 
Ni8i^®i9  gtain  growth  at  first  give  rise  to  increasing  G'MR,  but 
beyond  a  critical  grain  size  G^MR  decreases  consistent  with  the  model  of 
Berkowitz  et  al .  [1]. 


89 


Fig.  3.  Through-foil  TEM  micrographs  of  the  microstructure  taken  in  bright 
field  of  NiFeAg  thin  films  comparing  a)  the  as-deposited  state  with  that 
after  anneals  at  b)  300'’C,  c)  SSO'C,  and  d)  400°C  for  10  mins;  and  taken  in 
dark  field,  comparing  e)  the  as-deposited  state  with  that  after  anneals  at 
f)  300°C,  g)  350‘’C,  and  h)  400°C  for  10  mins.  Bar  =  50nm. 


Fig.  4.  Selected  area  electron  diffraction  (SAO)  patterns  of  NiFeAg  thin 
films  in  through-foil  geometry  comparing  a)  the  as-deposited  state  with  that 
after  anneals  at  b)  300®C,  c)  350®C.  and  d)  400°C  for  10  mins.  Ring  Indices: 
1st  (inner  most)  -  111,  2nd  -  200,  3rd  (most  intense)  -  220,  4th  -  311.  etc. 
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ABSTRACT 

The  role  of  the  interlayer  Fermi  surface  in  driving  oscillatory  exchange  coupling  of  fer¬ 
romagnetic  layers  ha.s  been  critically  tested  in  a  series  of  .MBE-grown  coherent  epitaxial 
sandwiches  prepared  on  single-crystal  substrates.  The  wedge-shaperl  C>i  (or  Cu-based) 
interlayers  have  been  modified  in  a  number  of  different  ways,  achieving  orientational,  com¬ 
positional  and  structural  alteration  of  the  Cu  Fermi  surface.  Ob.served  phenomena  include 
multiperiodic  coupling  oscillations  in  both  the  ferromagnetically  and  antiferromagnetically 
coupled  regions  of  (lOO)-oriented  Co/Cn/i'o  samples,  extemled  oscillatory  periods  across 
Cu.Ni  alloy  interlayers,  and  extremely  short-pei'od  oscillations  in  a  bec  (100)  Fe/(’n/Fe 
system.  These  phenomena  are  straightforwardly  explained  in  terms  of  calculated  Fermi 
surface  variations. 

INTRODUCTION 

The  discovery  that  the  exchange  coupling  across  non-magnetic  interlayers  in  a  wide  vari¬ 
ety  of  magnetic  multilayers  can  oscillate  between  antiferromagnetic  (.AF)  and  ferromagnetic 
(F)  as  a  function  of  the  interlayer  thickness  (1-4)  has  presented  a  considerable  challenge 
to  solid  state  physicists.  The  long  period  A  (8  22  A)  of  these  oscillations  was  quickly 
ascribed  to  the  aliasing  effect,  whereby  rapid  RKKY  oscillations  with  period  k'r  are  only 
sampled  at  discrete  thicknesses  of  the  interlayer  (spacing  d)  resulting  in  =  27r/12/,>-  — n^l 
[5].  This  argument  subserpiently  led  to  a  prediction  of  orientation-dependent  oscillation- 
periods  in  the  coupling,  even  in  the  case  of  a  nearly-free-electron  metallic  interlayer  [6], 
Further  refinement  by  Bruno  and  Chappert  (7)  emphasized  the  role  of  the  Fermi  surface 
extremal  points  of  which,  connected  by  vectors  q  parallel  to  the  growth-direction,  gener¬ 
ate  oscillation-periods  equal  to  2)r/|q|.  In  this  light,  a  multiplicity  of  oscillation-periods 
may  be  encountered,  the  number  and  values  of  which  are  predicted  to  depend  upon  the 
growth-direction  of  the  samples. 

Oscillatory  exchange  coupling  across  Cu  interlayers  has  attracteil  much  attention  from 
both  the  fundamental  and  application  viewpoint.  On  the  one  hand,  the  relatively  simple 
nature  of  the  Cu  Fermi  surface  makes  this  a  suitable  candidate  for  the  verification  of 
exchange  coupling  theories;  on  the  other  hand,  the  discovery  of  sizeable  antiferromagnetic 
( AF)  coupling  and  giant  magnetoresistance  (MR)  effects  in  sputtererl  (111  )-textured  Co/Cu 
[1,2]  and  Fe/Cu  [8]  multilayers  is  of  great  interest  to  theorists  and  application  engineers 
alike. 

In  this  paper,  we  test  the  validity  of  the  Fermi  surface  approach.  Through  the  obser¬ 
vation  of  oscillatory  coupling  in  a  series  of  samples,  we  have  probed  several  aspects  of  the 
Fermi  surface  of  Cu  (or  Cu-based)  interlayers  —  akin  to  carrying  out  de  Haas-van  Alphen 
experiments  in  applied  fields  of  1000  T  (9j.  Specifically,  probed  extremal  kermi  surface 
vectors  have  been  modified  by  altering  either  the  orientation,  composition  or  structure 
of  the  intermeoiate  layers,  with  attendant  comparison  of  measured  coupling  periods  and 
theoretically  predicted  values. 
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substrate 

magnetic 

underlayer 

interlayer 

wedge 

m^netic 

overlayer 

cap  layers 

A 

■ffll 

Cu(lOO) 

Co  (60  A) 

Cu  (0-40  A) 

Co  (60  A) 

Cu  (7  A),  Au  (20  A) 

B 

Cu(lOO) 

Co  (80  A) 

A:  Cu  (5-18  A), 
Co  (30  A), 

B;  Cu  (0-40  A) 

Co  (30  A) 

Cu  (7  A),  Au  (30  A) 

Cu(llO) 

Co  (40  A) 

Cu  (0  44  A) 

Co  (40  A) 

Cu  (7  A),  Au  (20  A) 

Cu(llO) 

Co  (40  A) 

CugoNilo  (0-40  A) 

Co  (40  A) 

Cu  (10  A),  Au  (20  A) 

E 

[12] 

Cu(lll) 

Co  (40  A) 

Cu  (0  35  A) 

Co  (40  A) 

Cu  (7  A),  Au  (20  A) 

F 

[13] 

Cu(lll) 

M, 

Cu  (0-40  A) 

Mj 

Au  (.30  A) 

G 

Cu(lll) 

Co  (5  A) 

Cu  (0-37  A) 

Co  (,)  '.) 

Cu  (7  A),  Au  (30  A) 

H 

[10] 

Fe( 100) 

- 

Cu  (0-40  A) 

Fe  (80  A) 

Au  (20  A) 

Table  1:  Overview  of  the  samples  use<l  for  coupling  studies.  In  sample  F,  the  magnetic 
under-  and  overlayers  are  actually  Co/Ni  multilayers  (see  text  for  composition). 

EXPERIMENTAL 

The  overlayers  were  deposited  on  single-crystal  Cu  substrates  in  a  multichamber  molec¬ 
ular  beam  epitaxy  system  (VG  Semicon  V’SOM).  In  addition,  a  single  sample  was  deposited 
on  an  Fe(lOO)  single-crystal  ‘whisker’.  The  composition  of  the  completed  samples  is  given 
in  Table  1.  Wedge  shapes  were  formed  by  slowly  withdrawing  an  eclipsing  shutter  located 
between  each  single  crystal  and  the  Cu  source.  The  substrate  temperature  was  .50  °C 
during  the  Cu  wedge  depositions,  except  for  sample  F,  for  which  it  was  20  °C;  for  all 
other  depositions,  the  temperature  was  kept  at  a  value  of  20  "C.  In  the  Fe/Cu  system,  the 
Cu  thickness  was  derived  directly  from  observed  intensity-oscillations  in  reflection  high- 
energy  electron  diffraction  (RHEED)  during  monolayer-by-monolayer  growth  on  the  Fe 
whisker.  For  the  other  samples.  Cu  thicknesses  were  determined  using  a  quartz  crystal 
monitor  calibrated  both  from  comparison  with  chemically  analysed  reference  samples  and 
from  RHEED  intensity  oscillations  occurring  during  deposition  of  Cu  on  Cu(lOO).  Thick- 
nes.ses  thus  determined  were  subsequently  confirmed  after  deposition  using  combined  in 
situ  .^uger  electron  spectroscopy  (AES)  and  scanning  electron  microscopy  (SEM).  The 
other  film-thicknesses  were  also  determined  using  AES.  More  precise  details  concerning 
the  substrate-preparation  and  growth-technique  can  be  found  in  [10]. 

The  perpendicular  and  parallel  lattice  spacings  were  determined  by  measuring  the  en¬ 
ergies  of  the  primary  Bragg  low-energy  electron  diffraction  (LEED)  reflections  along  the 
[00]  rod,  and  by  analysis  of  LEED  patterns  at  constant  electron  energy,  respectively.  The 
Co  layers  in  samples  A  —  E  and  G  displayed  near  identical  fee  surface  nets  to  those  of  the 
Cu  substrates,  and  all  Cu  wedges  were  observed  to  have  identical  lattice  constants  to  those 
of  the  underlying  material.  Representative  LEED  patterns  are  shown  in  Figure  1. 

The  AF  coupling  strengths  J  were  determined  from  analysis  of  hysteresis  loops  mea¬ 
sured  at  room  temperature  along  the  wedges  (i.e.  as  a  function  of  Cu  thickness)  via  the 
magneto-optical  Kerr  effect  (MOKE).  Quoted  values  were  derived  from  characteristic  fields 
in  these  loops  (//aip,  Wi,  Ej,  //„i)  which  to  a  good  approximation  are  known  to  be  propor¬ 
tional  to  the  AF  coupling  strength,  and  are  defined  in  references  [10,12]. 

RESULTS 


The  relevant  q  vectors,  which,  within  the  theory  of  Bruno  and  Chappert,  determine 
the  period  of  the  oscillatory  exchange  interaction  across  Cu,  have  been  indicated  for  the 
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fee  (100),  (110)  and  (111)  growth  direetions  in  Figures  2(a)  2(e),  where,  for  the  (110) 

direetion,  only  two  of  the  four  vectors  are  depicted.  The  figures  show  cross-sections  of  the 
Fermi  surface  obtained  from  augmented  spherical  wave  ( ASW)  band  structure  calculations. 
Almost  identical  cross-sections,  derived  from  de  Haas  van  Alphen  measurements,  are  given 
by  Bruno  and  Chappert  in  reference  (7J.  The  resulting  periods  are  listed  in  Table  2. 

(100)  System 

Figure  2(d)  (discs)  depicts  the  thickness  dependence  of  the  oscillatory  AF  coupling  in  sam¬ 
ple  A,  with  5  AF  peaks  clearly  visible.  VVe  have  attempted  to  fit  the  experimental  coupling 
data  for  this  sample  in  terms  of  a  superposition  of  a  short-period  (Ai)  and  a  long-period 
(Aj)  oscillation  [7].  The  decay  in  J  was  assumed  to  be  quadratic  with  increasing  Cu  thick¬ 
ness,  and  the  phases,  periods  and  relative  strengths  of  both  oscillations  were  regarded  as 
free  parameters.  The  corresponding  extremal  vectors  q  are  depicted  in  Figure  2(a).  Our 
results  are  rendered  in  Figure  2(d)  (inset).  The  form  of  the  fit  is  in  good  agreement  with 
the  experimental  results:  a  strong  AF  peak  at  12  A  is  followed  by  a  predominantly  ferro¬ 
magnetic  region  and  subsequently  by  a  series  of  4  alternately  sharp  and  rounded  AF  peaks 
of  decaying  intensity.  It  was  not  necessary  to  add  a  roughness  parameter  to  the  theory 
to  obtain  this  fit,  perhaps  highlighting  the  extremely  high  growth-quality  of  our  sample. 
However,  a  certain  amount  of  roughness  is  of  course  present,  even  in  the  best  samples. 
This  roughness  may  slightly  smear  out  certain  predicted  features,  such  as  the  AF  peaks  at 
~  15  A  (weak)  and  ~  6  A  (strong). 

The  experimental  periods  are  Ai  =  4.6  A  and  A2  =  14  A.  From  de  Haas- van  Alphen 
data  on  the  Fermi  surface  of  Cu,  Bruno  and  Chappert  have  predicted  periods  of  4.6  A 
and  10.6  A,  whereas  we  have  found  that  their  theoretical  approach,  when  applied  to  the 
extremal  q  vectors  which  follow  from  first  principles  .self-consi.stent  ASW  band  structure 
calculations,  leads  to  periods  of  4.6  and  11.6  A,  respectively.  The  predicted  short- period 
oscillations  are  in  excellent  agreement  with  experiment.  However,  there  is  a  discrepancy 
with  respect  to  the  long  period.  We  note  that  the  observed  long  period  is  essentially  the 
same  as  in  epitaxial  fcc(lOO)  Fe/Cu  structures,  for  which  a  value  of  ~  13.6  A  has  been 
found  [4]. 

Because  the  data  for  sample  A  were  derived  from  hysteresis  loops  measured  on  a  sand¬ 
wich  containing  two  identical  magnetic  layers,  the  coupling  behavior  in  the  F  regime  could 
not  be  investigated.  As  shown  previously  (14,15,16],  the  u.se  of  structures  consisting  of 
three  magnetic  layers,  one  pair  of  which  is  strongly  AF  coupled,  enables  one  to  investigate 
the  F  (and  AF)  coupling  across  a  given  spacer  material  (in  this  case,  the  layer  separating 
the  other  pair  of  magnetic  layers).  We  decided  to  apply  this  technique  in  an  attempt  to 
investigate  the  F  regime  immediately  following  the  first  AF  maximum  of  sample  A. 

The  employed  sample  (B)  consisted  of  three  Co  layers  with  thicknesses  of  80,  30  and 
30  A,  separated  by  Cu  wedges  oriented  perpendicular  to  each  other  and  grown  along  the 
two  equivalent  in-plane  [110]  (easy)  directions.  The  detailed  composition  of  the  sample  is 
given  in  Table  1.  The  slope  of  wedge  A  was  chosen  so  as  to  position  the  coupling  between 
the  80  A  and  30  A  Co  layers  on  the  first  (relatively  narrow)  AF  maximum.  Wedge  B  was 
applied  for  the  purpose  of  investigating  the  oscillatory  coupling  itself. 

Several  positional  scans  were  performed  along  the  Cu  wedges.  To  start  with,  a  scan 
along  wedge  A  was  conducted  with  the  aim  of  determining  the  position  of  maximum 
AF  coupling.  In  this  scan,  the  Cu  thickness  in  wedge  B  remained  fixed  (thanks  to  the 
perpendicular  orientation  of  the  wedges)  at  a  position  which  was  chosen  to  correspond  to 
strong  F  coupling  (small  Cu  thickness).  Three  scans  were  subsequently  performed  along 
wedge  B  (at  constant  thickness  on  wedge  A),  corresponding,  respectively,  to  F  coupling, 
maximum  AF  coupling,  and  AF  coupling  slightly  off  the  maximum. 


Figure  2;  Calculated  Fermi  surface  topology  and  measured  oscillatory  coupling  behavior 
in  the  Co/Cu/Co  system.  The  respective  crystallographic  orientations  are;  (100),  (110) 
and  (111). 
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The  resulting  coupling  behavior  is  incorporated  in  Figure  2(d)  (squares).  As  the  figure 
shows,  an  oscillation  with  a  period  of  approximately  5  A  extends  clearly  through  both 
the  AF  and  F  regimes.  This  shows  that,  although  the  (100)  Cu  single  crystal  was  first 
covered  with  an  80  A  Co  layer  and  a  Cu  wedge,  both  30  A  Co  layers  and  the  Cu  wedge 
separating  them  were  still  of  high  structural  quality.  The  two  F  peaks  (with  interposed 
F  minimum)  observed  in  the  present  experiment  agree  very  well  with  the  ferromagnetic 
behavior  prdicted  by  the  two-oscillation  fit  of  the  antiferromagnetic  data.  The  strength  of 
the  AF  coupling  in  the  first  peak  (— 0..39  mj/m*)  agrees  remarkably  well  with  the  value 
obtained  for  sample  A  (—0.4  mJ/m^).  However,  in  the  raw  data,  the  position  of  the  first 
peak  —  in  fact,  the  whole  ‘coupling  picture’  —  was  shifted  towards  lower  Cu  thicknesses 
by  about  2  A,  probably  due  to  smalt  combined  errors  in  determining  the  slopes  or  starting 
points  of  the  relatively  steep  Cu  wedges.  For  clarity  of  presentation,  this  shift  has  been 
removed  from  Figure  2(d),  so  that  the  first  AF  peaks  of  the  two  curves  accurately  overlap. 

(1 10)  System;  Compositional  Dependence  of  the  Coupling 

The  (llO)-oriented  Co/Cu  sandwich  (sample  C)  displayed  only  one  oscillatory  period 
(Figure  2(e)),  whose  value  of  12. .5  A  agrees  well  with  the  theoretical  period  following  from 
the  neck  diameter  of  the  Cu  Fermi  surface  (vector  qs  in  Figure  2(b)).  .Additional  shorter 
periods  of  2.7,  3.2  and  4.2  .A  are  predicted  to  appear  [7],  but  these  were  not  found  in  the  first 
sample  to  be  investigated.  .A  second  sandwich,  with  a  shallower  Cu  wedge,  was  therefore 
prepared  and  carefully  scanned,  but  this  too  failed  to  reveal  any  evidence  of  additional 
shorter- period  oscillations.  Extremely  high  interface-quality  would  be  required  to  detect 
such  periods. 

Because  only  one  of  its  predicted  periods  is  easily  observable,  the  (110)  system  lends 
itself  ideally  to  experimental  examination  of  the  period-variation  predicted  to  arise  from 
compositional  modification  of  the  Cu  interlayer.  The  results  discussed  above  demonstrate 
how  the  exact  nature  of  the  oscillatory  coupling  is  determined  by  details  of  the  interlayer's 
Fermi  surface.  Recent  observations  in  Fe/Au  [17]  and  Fe/Ag  [18]  support  the  validity  of 
this  Fermi  surface  approach,  but  confidence  can  be  further  tested  by  investigating  the  ef¬ 
fect  of  modifying  the  composition  of  the  noble  metal  spacer  layer  (and  thus  its  electronic 
structure).  A  particularly  suitable  test  spacer  layer  is  CuNi,  whose  alloys  readily  form 
solid  solutions  displaying  fee  structures  and  lattice  constants  which,  for  limited  .N’i  con¬ 
centrations,  are  extremely  similar  to  those  of  Cu.  When  Ni  is  alloyed  with  Cu,  the  Fermi 
energy  decreases  and  the  Fermi  surface  contracts.  Consequently,  the  oscillatory  periods 
will  be  defined  by  new  vectors  linking  extremal  points  of  the  alloy's  Fermi  surface,  so  that 
modified  oscillatory  behavior  should  be  observed. 

To  verify  such  behavior,  we  prepared  a  (110)  sample  in  which  the  Co  layers  were 
separated  by  a  CugoNiio  alloy  spacer  (sample  D).  The  (110)  .system's  single  long-period 
oscillation,  which  is  Jissociated  with  the  neck  of  the  Fermi  surface  (Figure  2(b)),  would  be 
"expected  to  expand  as  the  critical  vector  qs  is  shortened  by  neck  contraction.  Assuming  a 
rigid  band  approximation,  the  reduction  of  the  Fermi  energy  in  a  CugoNiio  alloy  (around 
C.4  eV)  would  correspond  to  a  decrease  in  qs  of  around  15  %,  and  a  corresponding  increase 
in  the  oscillatory  period. 

The  observed  coupling  behavior  is  rendered  in  Figure  3.  Again,  we  find  oscillatory 
coupling,  but  the  oscillatory  period  of  about  15  A  exceeds  the  12.5  A  value  found  for  sample 
C.  in  good  quantitative  agreement  with  the  predictions  made  above.  Similar  behavior  has 
been  observed  by  Okuno  et  al.  [19],  who  report  an  increase  of  the  period  of  oscillatory 
magnetoresistance  in  sputtered  (llO)-oriented  Co/CussNiu/Co  multilayers  —  the  observed 
period  slightly  exceeding  15  A.  This  once  again  illustrates  the  equivalence  of  oscillatory 
coupling  behavior  in  sputtered  and  MBE-grown  samples. 
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Figure  3;  Coupling  behavior  in  ( 1 10)  Co/CuNi/Co  (sample  D). 


(Ill)  System 

Following  initial  reports  of  the  absence  of  AF  coupling  in  MBE-prepared  (111)  Co/Cu 
multilayers,  it  was  proposed  [20]  that  the  oscillatory  coupling  observed  in  sputtered  (111)- 
textured  Co/Cu  multilayers  might  be  attributable  to  the  presence  of  minority  components 
of  different  crystallographic  orientation.  In  this  light,  several  attempts  were  made  to  detect 
intrinsic  coupling  in  MBE-grown  (111)  samples,  finally  culminating  in  the  unambiguous 
establishment  of  strong  intrinsic  AF  coupling  in  a  Co/Cu(wedge)/Co  sandwich  (sample 

E)- 

The  observed  coupling  behavior  for  this  sample  is  shown  in  Figure  2(f).  A  strong  AF 
peak  occurs  at  8.5  A,  with  a  faint  indication  of  a  second  (much  weaker)  peak  at  about 
20  A,  suggesting  a  similar  oscillatory  period  to  that  in  the  (110)  system  (11-12  A).  The 
saturation  field  in  the  primary  peak  corresponds  to  an  AF  coupling  strength  Jut  =»  -1.1 
mj/m^,  which  is  even  higher  than  the  (llO)-value  (~  —0.7  mj/m^).  It  is  remarkable  that, 
even  in  this  strong  primary  AF  peak,  there  is  a  ~  30  %  occurrence  of  intermixed  F  regions, 
as  evidenced  by  the  non-ze  :  remanence.  In  the  second  AF  peak,  this  F  character  has 
increased  to  ~  85  %,  making  ii  extremely  difficult  to  confidently  determine  the  saturation 
fields.  However,  confirmation  that  this  secon  ’  region  was  indeed  AF-coupled  has  been 
provided  by  Schreyer  et  al.  [21]  for  MBE-grown  (111)  Co/Cu  multilayers.  Here,  despite 
the  minority  AF  content  of  the  layers  (1-20  %),  a  combined  Kerr  and  spin-polarized  neutron 
reflectivity  approach  also  indicated  the  presence  of  weak  second  and  third  AF  regions,  with 
an  associated  oscillatory  period  (~  9  A)  close  to  that  predicted  from  the  Fermi  surface 
approach. 

Several  explanations  have  been  forwarded  to  account  for  the  intermixing  of  F  and  AF 
regions  in  these  MBE  samples  [12,21,22],  invoking  phenomena  such  as  sample  roughness. 
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Figure  4:  Representative  MOKE  hysteresis  loops  and  coupling  behavior  for  the  (111) 
(Co/Ni)/Cu/(Co/Ni)  system  (sample  F). 


pinholes  caused  by  possible  migration  of  Cu  onto  Co,  or  the  increased  sensitivity  of  the 
(111)  coupling  to  lateral  coherence  in  the  Cu  layers  —  sensitivity  which  is  due  to  the  large 
angle  between  the  extremal  points  of  the  Fermi  surface  and  the  Fermi  velocity  vectors  of 
the  corresponding  electrons.  Although  the  matter  is  certainly  open  to  debate,  one  might 
still  ascribe  the  absence  of  complete  AF  coupling  in  (111)  systems  to  the  mediation  of  the 
coupling  at  defects. 

To  obtain  stronger  evidence  for  AF  coupling  across  MBE-grown  Cu(lll)  interlay¬ 
ers,  an  entirely  different  sample  was  grown  on  a  Cu(lll)  single  crystal,  with  the  form: 
Mi/Cu(wedge)/M3  (sample  F)  [13].  The  magnetic  stacks  Mi  and  Mj  were  tailored  to  ex¬ 
hibit  an  easy  direction  perpendicular  to  the  film-plane  [23],  and  were  composed  as  follows: 

M,  =  10  X  (2  A  Ni/2  A  Co)  -h  2  A  Co;  M,  =  2  A  Co  -I-  10  x  (2  A  Co/2  A  Ni). 

The  number  of  repetitions  was  tuned  to  obtain  a  100  %  perpendicular  remanence  for  each 
stack,  combined  with  the  lowest  possible  ratio  of  the  coercive  field  to  the  expected  maximum 
coupling  field  (the  latter  demonstrating  an  approximate  inverse  dependence  on  magnetic 
layer  thickness  and,  thus,  on  the  number  of  repetitions).  The  mirrored  sequencing  of  the  Co 
and  Ni  layers  in  each  magnetic  stack,  and  the  additional  monolayer  of  Co  incorporated  at 
each  interface  of  the  stacks  with  the  Cu  spacer  layer,  guaranteed  complete  stack  symmetry 
with  respect  to  the  interlayer,  and  two  identical  Co/Cu  interfwes.  Intuitively,  the  type 
of  element  at  the  interface  is  expected  to  predominantly  determine  the  phase  and  the 
amplitude  of  the  oscillatory  coupling. 

The  applied  field  in  the  polar  MOKE  measurements  was  oriented  perpendicular  to  the 
film-plane.  Square  loops  (with  100  %  remanence)  were  observed  for  Cu  thicknesses  of  2 
A  and  13  A  (Figure  4),  confirming  the  perpendicular  easy  axis  of  the  Co/Ni  multilayers, 
and  indicating  F  (or  weakly  AF)  coupled  layers.  On  the  other  hand,  the  intricate  shape 
of  the  loops  observed  for  Cu  thicknesses  in  the  range  6  -  12  A  is  clearly  indicative  of 
strong  AF  coupling.  It  should  be  noted  that  the  spin-flip  transitions  in  these  loops  are 
accompanied  by  considerable  hysteresis,  which  we  attribute  to  the  presence  of  uniaxial 
amisotropy.  Obviously,  the  reversing  stack  magnetizations  do  not  follow  a  path  of  global 
minimum  energy,  but  are  hindered  by  anisotropy  energy  barriers. 

The  Cu  thickness-dependence  of  the  average  experimental  flip-field  for  the  up  and  down 
transitions  is  also  rendered  in  Figure  4.  The  strong  AF  peak  at  about  7  A  confirms  the 
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presence  of  oscillatory  exchange  coupling.  However,  no  trace  was  seen  of  the  faint  second 
peak  observed  in  sample  £  at  ~  20  A  (Figure  2(f)).  At  thicknesses  above  12  A,  «JI  loops 
were  of  the  F  coupling  type.  The  coupling  possibly  decays  so  quickly  that  its  strength  in 
the  second  and  subsequent  peaks  is  too  low  compared  to  the  coercive  field  {He  ss  25  kA/m) 
to  be  detectable.  In  fact,  if  we  assume  that  the  ratio  of  the  coupling  strengths  in  the  first 
and  second  peak  of  sample  E  is  also  applicable  in  the  present  case  (value  ~  8),  we  then 
deduce  an  average  second-peak  flip-field  in  sample  F  of  about  11  kA/m,  which  is  indeed 
lower  than  the  coercive  field. 

The  position  of  the  first  peak  is  shifted  by  1.5  A  with  respect  to  the  position  observed 
in  sample  E.  This  shift,  however,  is  comparable  to  the  sum  of  the  errors  made  in  both 
experiments  in  locating  the  start  of  the  wedge,  determining  the  wedge  slope,  and  positioning 
the  MOKE  laser  beam  with  respect  to  the  wedge.  It  is  also  interesting  to  note  that  the  loops 
at  7-11  A  Cu  do  not  reveal  contributions  from  F  coupling,  in  contrast  to  the  loops  observed 
in  sample  E.  This  absence  is  possibly  due  to  the  relatively  large  uniaxial  anisotropy  in  the 
present  sample  [13].  The  calculated  maximum  AF  coupling  strength,  which  is  estimated 
from  the  average  flip-field,  is  —0.34  mJ/m^.  This  is  roughly  a  factor  of  3  lower  than  the 
value  obtained  in  sample  E.  The  presence  of  Ni  at  the  interface  with  Cu  cannot  be  excluded, 
and  may  account  for  this  difference.  However,  we  should  also  note  that,  at  present,  it  is 
not  known  to  what  extent  deeper  layers  may  contribute  to  the  exchange  coupling. 

To  avoid  the  difficulties  of  potentially  low  coupling  fields,  and  yet  maintain  the  benefits 
of  100  %  AF  coupling  afforded  by  uniaxial  (perpendicular)  anisotropy,  a  further  sample  was 
prepared,  with  magnetic  layers  consisting  of  5  A  Co  films  (sample  G).  Separate  anisotropy 
measurements  [24]  revealed  that  the  presence  of  interface  anisotropy  in  Co/Cu(  1 1 1 )  is  suffi¬ 
cient  to  cause  perpendicular  alignment  of  the  magnetization  vectors  of  such  thin  Co  layers. 
Consequently,  the  coupling  fields,  which  scale  inversely  with  the  magnetic  layer  thickness, 
will  be  enhanced  by  about  an  order  of  magnitude  compared  to  the  other  samples.  This 
facilitates  identification  of  weak  coupling  features,  while  still  exploiting  the  intrinsically 
higher  signal  intensities  offered  by  the  polar  Kerr  geometry  relative  to  the  longitudinal 
Kerr  geometry  (around  an  order  of  magnitude). 

A  series  of  polar  Kerr  hysteresis  loops  for  this  sample  is  presented  in  Figure  .5.  Before 
the  start  of  the  Cu  wedge  (-2  A  Cu),  there  exists  a  single  Co  layer  of  thickness  10  .4. 
For  this  layer,  it  is  clear  that  the  interface  anisotropy  is  insufficient  to  fully  balance  the 
demagnetization  energy,  and  a  field  is  needed  to  obtain  perpendicular  saturation.  However, 
introducing  a  small  Cu  separation  layer  directly  creates  the  desired  100  %  perpendicular 
remanence.  At  Cu  thicknesses  above  6  A,  a  clear  transition  to  ,AF  coupling  occurs,  with 
a  coupling  maximum  appearing  at  9  A  (where  the  available  applied  magnetic  fields  were 
insufficient  to  saturate  the  sample).  Note  once  again  the  rom])lele  absence  of  an  F  com¬ 
ponent  in  the  first  AF  peak.  Increasing  the  Cu  thickness  above  13  A  again  resulted  in  F 
loops  and,  despite  careful  study,  further  AF  regions  remained  undetected  at  greater  Cu 
thicknesses.  This  cpiashes  the  theory  that  low  coupling  strength  prevented  detection  of  a 
second  AF  peak  in  sample  F. 

Although  the  presence  of  intrinsic  coupling  in  the  (111)  Cu/Co  system  is  thus  es¬ 
tablished  beyond  doubt,  it  is  also  apparent  that  a  definitive  experiment  to  establish  the 
oscillatory  phase  and  period  is  still  required. 

STRUCTURAL  DEPENDENCE  OF  THE  COUPLING 

Up  to  now,  the  Fermi  surface  picture  of  oscillatory  interlayer  exchange  coupling  has 
been  tested  and  supported  by  exploiting  the  dependence  of  the  form  of  the  interlayer’s 
Fermi  surface  on  both  crystallographic  orientation  and  compositional  modification.  To 
further  test  the  picture,  the  effect  of  differing  crystallographic  structure  on  the  coupling 
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Figure  5:  MOKE  hysteresis  loops  for  the  (111)  Co(5  A)/Cu/Co(5  A)  system  (sample  Gl. 


(via  changes  in  the  Fermi  surface)  was  investigated  by  examining  the  exchange  interaction 
across  a  bcc  Cu  wedge  sandwiched  between  a  bcc  ( 100)  Fe  whisker  substrate  and  a  capping 
Fe  layer  (sample  H). 

Our  observations  both  during  and  after  the  growth  of  the  Cu  wedge  on  the  Fe  substrate 
were  in  agreement  with  the  RHEED  measurements  of  Heinrich  et  a/.  (25),  which  suggest 
that  the  Cu  initially  grows  in  a  bcc  structure  with  an  in-plane  lattice  very  similar  to  that  of 
the  Fe  substrate.  LEED  analysis  of  both  the  in-plane  and  perpendicular  lattice  confirmed 
the  RHEED  observation  of  an  almost  unaltered  surface  net  and,  furthermore,  revealed  that 
the  perpendicular  lattice  constant  remains  identical  to  that  of  the  bcc  Fe(lOO)  substrate 
[10]. 

Figure  6  depicts  the  switching  fields  in  Fe/Cu/Fe  as  a  function  of  Cu  thickness  [lOj. 
In  this  sandwich,  all  measurements  below  a  Cu  thickness  of  10  ML  (14.3  A)  showed  F  (or 
weak  AF)  coupling  of  the  Fe  overlayer  to  the  Fe(lOO)  substrate,  in  close  agreement  with  the 
observations  in  [25];  above  10  ML,  the  coupling  became  strongly  AF.  The  switching  fields 
oscillate  as  a  function  of  the  bcc  Cu  thickness,  showing  4  strong  oscillations  in  magnitude 
with  a  period  of  2  ML  Cu.  The  maximum  critical  fields  (at  ~  12  ML  Cu)  correspond  to  J 
=  —0.1  mj/m^,  which  is  somewhat  weaker  than  expected  from  the  Co/Cu/Co  srunple  at 
an  equivalent  Cu  thickness. 
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Figure  6:  Representative  MOKE  hysteresis  loops  and  coupling  behavior  for  the  bcc  (100) 
Fe/Cu/Fe  system  (sample  H). 


Comparison  of  Figures  2(d)  and  6  shows  that  the  variation  of  the  exchange  coupling 
with  the  interlayer  thickness  is  entirely  different  for  these  two  (lOO)-oriented  samples.  The 
most  apparent  explanation  of  this  difference  is  the  different  structure  of  the  Cu  interlayers. 
No  theoretical  indications  have  been  given  that  the  different  nature  of  the  magnetic  atoms 
(Fe  or  Co)  by  itself  would  result  in  different  periods  (although  the  amplitude  and  phase  of 
the  oscillations  are  likely  to  be  affected  by  this  difference  [22]). 

To  extend  the  analysis  of  the  previous  section  to  the  Fe/Cu/Fe  system,  we  have  cal¬ 
culated  the  Fermi  surface  of  hypothetical  bcc  Cu  using  the  ASW  method.  The  relevant 
cross-section  of  the  Fermi  surface  is  shown  in  Figure  6  (inset).  The  most  obvious  difference 
from  the  fee  case  (Figure  2(a))  is  that  the  hole  orbits  around  the  N  point  (bcc)  have  a 
considerably  squarer  character  than  the  ‘dog  bone’  orbits  around  the  X  point  (fee).  The 
extremal  q  vectors  for  the  (100)  direction,  qi  and  q2,  correspond  to  periods  of  2.56  ML  and 
2.22  ML,  respectively.  The  consequence  of  a  period  of  2.22  ML  would  be  that  4  oscillations 
of  precisely  2  ML  would  be  found,  followed  by  a  phase-shift.  Such  a  series  of  oscillations  is 
indeed  seen  in  Figure  6.  The  thickness-interval  in  which  the  oscillatory  exchange  coupling 
was  observed  was  too  small  to  analyse  the  experimental  results  more  quantitatively,  as  for 
the  Co/Cu/Co  case.  In  particular,  no  assessment  of  the  possible  contribution  of  longer- 
period  oscillations,  such  «is  the  predicted  one  with  a  period  of  2.56  ML,  can  be  given.  It 
remains  unclear  why  the  Fe/Cu/Fe  system  is  F  (or  weak  AF)  up  to  10  ML:  no  long  period 
can  be  anticipated  from  the  Fermi  surface.  Furthermore,  the  first  principles  band  structure 
calculations  of  the  coupling  by  Herman  et  aJ.  [26],  which  also  predict  2  ML  oscillations, 
indicate  that  the  system  should  become  AF  for  Cu  thicknesses  above  5  ML.  The  anomaly 
suggests  the  possible  presence  of  pinholes  in  the  Cu  interlayer. 
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Sample 

fi 

(A) 

-J 

(mJ/rn^) 

measured 

Ma^RAT 

predicted 

(dHvAT 

predicted 

A  (100) 

12 

0.4 

14  (4.6) 

10,6  (4.6) 

11.6  (4.6) 

B  (100) 

10 

0.39 

14  (4.6) 

10,6  (4,6) 

11.6  (4.6) 

C  (110) 

8.5 

0.7 

12.5 

12.2  (3x) 

11.2  (3x) 

D  (110)  CuNi 

10 

15 

13 

£(111) 

8.5 

1.1 

11-12 

9.4 

9.0 

H  (100)  bcc 

17  (12  ML) 

0.1 

2.86  (2  ML) 

3.7.  3.2 

Table  2;  Measured  coupling  data  for  the  Co/Cu/Co  system,  comprising  tlie  position  of  the 
first  AF  peak  (<i),  the  maximum  AF  coupling  strength  (-J),  and  the  long  (A,)  and  short 
(A2)  oscillatory  periods.  Also  included  are  predicted  periods  derived  (a)  from  reference  [7], 
where  de  flaas-van  Alphen  data  (dHvA)  are  employed,  and  (b)  from  the  same  theoretical 
approach  applied  to  ASW  calculations.  For  the  (110)  system,  3  short  periods  are  predicted 
(see  text). 

SUMMARY 

Table  2  clearly  reveals  the  orientational,  compositional  and  structural  dependence  of 
the  (longest)  oscillatory  period  (A|)  and  position  (fj)  of  the  primary  .AF  peak,  and  the 
maximum  AF  coupling  strength  {-J).  The  table  also  gives  the  theoretical  periods,  both  as 
predicted  in  [7]  from  de  Haas-van  Alphen  measurements  of  the  Fermi  surface  and  as  ren¬ 
dered  by  the  same  theory  applied  to  self-consistent  ab  initio  ASW  calculatior.s  of  the  Fermi 
surface.  The  measured  periods  for  the  (100)  and  (111)  directions  are  somewhat  greater 
than  those  predicted  in  [7],  and  this  is  also  the  case  for  the  (110)  direction  if  comparison  is 
made  with  the  ASW  results.  This  finding  may  stimulate  further  investigations,  in  partic¬ 
ular  regarding  the  <(uestion  of  whether  bulk  properties  (i.e.  period  and  phase  independent 
of  the  interlayer  thickness)  hare  already  been  effectively  reached  for  (’u  thicknes.se.s  near 
the  first  AF  peak. 
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ABSTRACT 


Co-monolayers,  prepared  by  MBE  on  Cud  1  l)-surfaces  at  room  temperature  and 
covered  by  Cu,  are  ferromagnetic  with  a  Curie-temperature  of  about  430  K,  They  are 
magnetized  perpendicularly  because  of  a  strong  perpendicular  magnetic  surface  anisotropy 
of  the  Cu/Co(t  1  l)-intetface.  They  provide  a  remarkably  good  representation  of  the  2- 
dimensional  Ising  model.  The  indirect  coupling  between  these  perpendicularly  magnetized 
ferromagnetic  monolayers  was  investigated  using  samples  of  type 
Cu(ll  ll/lCo/DfuCu/lCo/Cu,  containing  Co/Cu/Co-trilayers  composed  of  Co-monolayers 
and  a  spacer  consisting  of  atomic  layers  of  Cu(l  1 1).  Torsion  oscillation  magnetometry 
of  these  samples  showed  clearly  a  coupling  between  the  monolayers  with  an  oscillatory 
dependence  on  Dcy.  The  amplitude  of  the  oscillation  is  strongly  reduced  if  the  coupled  Co- 
films  consist  of  5  ML  instead  of  1  ML.  The  present  controversy  on  the  presence  or  absence 
of  antiferromagnetic  and  oscillatory  indirect  coupling  in  the  Co/Cu(l  1  l)-sysiem  is  discussed 
in  the  light  of  these  experiments.  The  discussion  shows  that  the  oscillatory  coupling  is  an 
intrinsic  property  of  ideal  (1 1 1  )-structures,  and  can  be  understood  by  the  RKKY-type  theory 
of  indirect  coupling  between  ferromagnetic  monolayers.  The  usual  application  of  this  theory 
to  the  coupling  between  thicker  films  is  justified.  However,  in  the  fccfl  1 1  )-system  there  is 
apparently  a  specific  barrier  against  complete  coalescence,  resulting  in  a  tendency  to  retain 
holes  and  channels  in  the  Cu-spacer.  This  tendency  is  stronger  in  flat  single-crystal  samples 
than  in  sputtered  films  with  high  densities  of  atomic  steps.  Apparently,  this  results  in 
competing  ferromagnetic  hole  coupling  which  may  more  or  less  completely  obscure  the 
intrinsic  oscillatory  coupling,  preferentially  in  samples  grown  on  extremely  flat  single 
crystal  surfaces. 
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INTRODUCTION 

The  oscillatory  character  of  indirect  magnetic  coupling  by  the  spin-polarized  electron 
gas  of  a  nonmagnetic  metallic  medium  has  been  first  predicted  for  the  case  of  coupling 
between  localized  atomic  magnetic  moments,  by  the  famous  Ruderman-Kittel-Kasuya- 
Yoshida  (RKKY)  model  (1|.  After  the  experimental  confirmation  of  this  oscillatory 
coupling  for  the  case  of  Fe  in  Cu  [2]  and  Mn  in  Cu  131,  it  was  quite  natural  to  expect  that  a 
similar  oscillatory  coupling  should  occur  between  ferromagnetic  monolayers  through  a 
nonmagnetic  spacer  layer.  Nevertheless  it  was  a  surprise  when  Parkin  et  al.  14)  detected  an 
oscillatory  coupling  of  this  type  in  sputtered  Co/Ru,  Co/Cr  and  Fe/Cr  superlattices  with 
(111)  texture.  The  refined  analysis  of  this  coupling  in  single-crystalline  samples  was 
extremely  successful  for  the  case  of  coupling  between  Fe(100)-layers  through  Cr(lOO)  |5). 
Al(lOO)  and  Au(lOO)  [61,  where  a  superposition  of  long-period  and  short-period  oscillations 
could  be  detected.  Apparently,  this  success  was  to  a  large  extent  based  on  the  fortunate 
epitaxial  growth  conditions  in  those  systems,  in  particular  on  the  extremely  small  misifits 
^FeCr  ~  ■  0.7%,  f^^,  =  0.1  %  (effective  misfit  of  the  conciding  square  nets  of  fcc(  1 00)  and 
bcc(lOO),  rotated  by  45°)  and  f*fjAu~  0.6%,  respectively.  The  periods  found  in  Au  are  in 
good  agreement  with  a  RKKY-type  theory  of  coupling  between  monolayers  |7|,  although 
the  experiments  were  done  with  Fe-films  consisting  of  at  least  10  ML  (monolayers),  or  even 
with  bulk  whisker  substrates. 

Similar  promising  structural  preconditions  are  given  in  the  system  Cu/Co,  because  of 
the  cc.nmon  crystal  structure  and  small  misfit  of  fcoCu  “  simple  band- 

structure  of  Cu  made  it  previously  an  outstanding  model  system  for  the  investigation  of  the 
original  RKKY-coupling  between  atomic  moments  in  bulk  samples  (2,31;  in  addition,  a 
rather  extended  RKKY-calculation  for  the  coupling  between  ferromagnetic  monolayers 
through  Cu  is  now  available  (71.  Further  interesting  evidence  for  indirect  coupling  in  the 
Co/Cu  system  resulted  recently  for  the  case  of  granular  Co-Cu-samples  and  the  giant 
magnetoresistance  observed  in  them  [8).  Accordingly,  oscillatory  indirect  coupling  has  been 
detected  by  several  groups  (9,101  in  sputtered  Co/Cu-multilayers  with  (1 1  l)-texture.  As  for 
epitaxial  samples,  indirect  coupling  in  Co/Cu(l(X))-samples  has  been  detected  first  by 
neutron  diffraction  [1 1)  and  spin-polarized  electron  scattering  (121.  Its  oscillatory  character 
could  be  confirmed  unambigously  for  this  (100)-orientation  by  Kerr-magnetometry,  and  the 
observations  could  again  be  interpreted  in  terms  of  a  superposition  of  long-  and  short-period 
oscillations  [13].  The  indirect  and  oscillating  coupling  through  Cu(lOO)  had  been  observed 
before  for  the  case  of  fee  Fe(100)-films  in  Fe/Cu/Fe-sandwiches  [14]. 

However,  a  quite  surprising  controversy  evolved  from  more  extended  investigations  of 
the  coupling  in  Co/Cu/Co(lll)  using  single-crystal  samples.  In  a  careful  Kerr- 
magnetometric  study  of  Co/Cu/Co-muitilayers  on  Cu(lll)  single  crystal  substrates, 
prepared  at  substrate  temperatures  of  80,  3(K)  and  500  K,  Egelhoff  and  Kief  (15]  could  not 
detect  any  indication  of  indirect  coupling  at  all,  in  sharp  contrast  to  Johnson  et  al.  [16],  who 
found  strong  antiferromagnetic  coupling  in  Co/Cu/Co(ll l)-samples,  prepared  on  Cu(lll)- 
single  crystal  surfaces  at  20  to  50®C,  with  a  maximum  of  the  antiferromagnetic  coupling 
strength  at  t{-„  =  0.85  nm,  in  good  agreement  with  the  results  from  sputtered  multilayers 
[9,10].  The  structural  origin  for  these  contradicting  results  remains  to  be  clarified. 

We  performed  some  experiments  on  oscillatory  coupling  between  perpendicularly 
magnetized  Co(l  1 1)- monolayers  through  a  Cu(l  1  l)-spacer  [17],  in  which  we  could  confirm 
the  oscillations  with  an  anfiferromagnetic  maximum  at  0.8  nm.  To  our  knowledge,  this  is 
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the  first  experiment  in  which  the  indirect  coupling  phenomenon  was  really  followed 
between  ferromagnetic  monolayers.  This  is  of  interest  because  the  theoretical  RKKY- 
models  [7]  treat  just  this  coupling  between  monolayers,  whereas  all  experiments  available 
before  had  been  performed  with  ferromagnetic  films  consisting  of  10  ML  or  more.  The 
present  paper  intends  to  be  a  report  on  this  indirect  coupling  between  perpendicularly 
magnetized  Co(l  1  l)-monolayers  through  a  Cu(l  1 1)  spacer,  and  a  general  discussion  of  the 
controversy  on  indirect  coupling  by  Cu(l  1 1). 

The  perpendicularly  magnetized  Co-monolayer,  which  is  a  building  block  of  our 
structures,  is  an  interesting  subject  in  itself;  it  turns  out  that  it  is  a  surprisingly  good  and 
informative  realization  of  the  2-dimensional  Ising-model  (2D1M)  [18].  Because  some 
understanding  of  this  monolayer  is  needed  for  a  proper  understanding  of  the  coupling 
samples,  we  present  in  the  following  first  a  discussion  of  the  Co-monolayer  on  Cu, 
followed  then  by  a  presentation  of  the  coupling  experiments.  In  the  final  discussion,  we  will 
compare  our  results  with  the  controversal  data  of  other  authors,  and  provide  some  ideas  on 
possible  structural  origin  for  the  controversal  magnetic  results. 


THE  raRPENDlCULARLY  MAGNETIZED  MONOLAYER  Co  ON  Cud  11) 

The  perpendicularly  magnetized  ferromagnetic  monolayer  Co  on  Cu(lll)  has  been 
observed  many  years  ago  [19,20].  The  Co-films  of  this  early  work  were  prepared  on 
epitaxial  Cu(lll)-films  on  mica,  at  temperatures  between  110  and  ISO^C,  and  covered  by 
Cu.  They  showed  a  reduced  Curie-temperature  T^fl)  =  400  K  =  0.3  Tc(bulk).  in 
remarkable  agreement  with  early  theories  of  this  size-effect.  Perpendicular  magnetization 
was  restricted  to  the  very  monolayer,  whereas  films  from  2  ML  upwards  were  magnetized 
in  the  plane.  However,  a  plot  of  the  film  anisotropies  /ersus  1/D  (number  of  ML  D)  did  not 
result  in  the  linear  dependence  which  had  been  observed  before  for  similar  NiFe-films  on 
Cu(lll)  and  enabled  there  the  first  experimental  detection  and  quantitative  determination  of 
magnetic  surface  anisotropy  (MSA)  [21]  (for  reviews  of  this  early  work  see  [22,23]). 

Recently,  we  reexamined  this  perpendicular  monolayer-magnetism  of  Co  on  Cu(lll), 
using  improved  epitaxial  techniques  [17].  The  Cu(lll)-substrates  were  epitaxial  films  of 
250  nm  thickness,  prepared  on  sapphire  (11-20)  substrates  by  evaporation  in  UHV  at  800 
K.  The  LEED  pattern  of  these  Cu(lll)-substrates  indicated  a  perfect  (111)  texture  with 
preference  of  spots  in  one  special  epitaxial  orientation.  SEM  pictures  showed  Cu  grains 
with  lateral  dimensions  of  some  pm,  separated  by  channels  which  extended  to  some  10%  of 
the  film  area.  Whereas  the  substrates  as  a  whole  are  therefore  not  perfect,  the  surface  of  the 
grains  can  be  considered  to  be  atomically  flat  and  of  good  single  crystalline  quality.  Co¬ 
films  were  prepared  on  these  Cu(lll)-surfaces  at  room  temperature.  In  the  monolayer 
regime,  they  showed  the  same  LEED  pattern  as  the  Cu(lll)-substrate,  thus  confirming  the 
pseudomorphism  which  is  expected  as  a  result  of  the  small  misfit  fcoCu  ~  ‘ 
been  confirmed  before  [23]  to  persist  up  to  a  thickness  of  t^o  =  L3  nm.  Testing  of  the 
films  by  AES  showed  the  usual  break  of  the  Co-amplitude,  situated  at  2ML.  Therefore,  it 
could  be  assumed  that  rather  good  Co-film  elements  were  formed  on  top  of  the  Cu-grains, 
superimposed  in  the  whole  sample  by  a  contribution  of  about  10  %  of  some  other  film 
elements  of  ill-defined  structure,  situated  in  the  channels  between.  All  Co-films  were  finally 
covered  by  Cu. 


200  250  300  350  400  450  500 
T(K)-^ 

Figure  2:  Temperature  dependence  of  magnetic  order  in  a  perpendicularly  magnetized 
pseudomorphic  monolayer  of  Co  on  Cu(l  1 1).  The  saturation  moment  m,  (•,  O)  is  fitted  by 

the  exact  solution  of  the  2DIM  ( - )  with  T,.  =  434K,  and  alternatively  by  a 

phenomenological  power  law  ( - )  with  a  power-law  exponent  /Sj*  =  0.081  and 

Tj  5*  =  433  K.  The  asymptotic  power  law  of  the  2DrM,  m^  (T^,  -  T)*'*  is  given  for 
comparison  ( —  —  -  —  •);  it  is  inappropriate  for  a  description  of  the  experiments.  Data  for 
the  remanent  moment  are  included  (4,  A)-  Solid  symbols  only  are  used  for  the  fits.  Open 
symbols  from  the  tails,  which  are  expected  to  result  from  defects,  are  omitted.  (From  (18)). 
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The  films  were  analyzed  magnetically  using  Torsion  Oscillation  Magnetometry  (TOM) 
at  atmospheric  pressures  [241.  The  advantage  of  this  method  is  to  provide  combined 
quantitative  data  on  magnetic  moments  and  magnetic  anisotropoies  of  the  films.  It  turned 
out  that  the  film  anisotropies  followed  clearly  the  1/D-dependence  which  enables  the 
determination  of  MSA  |25|.  This  confirms  the  good  overall  structural  quality  of  the  films, 
down  to  the  monolayer. 

For  such  a  ferromagnetic  monolayer,  hysteresis  loops  have  been  obtained  as  shown  in 
Figure  1  for  temperatures  of  191K  and  298K,  respectively.  Note  that  they  were  taken  with 
the  field  along  the  film  normal.  The  films,  suspended  in  TOM  on  a  thin  torsion  filament, 
oriented  themselves  spontaneously  with  the  film  normal  parallel  to  the  field,  thus  clearly 
demonstrating  the  perpendicular  magnetization,  in  contrast  for  the  films  above  3 
monolayers,  which  oriented  themselves  parallel  to  the  field,  that  means  that  they  were 
magnetized  in  the  plane,  of  course.  The  hysteresis  loops  of  Figure  1  can  be  characterized  by 
the  Saturation  value  m^  of  the  magnetic  moment  and  by  its  remanent  value  m,.;  both  are 
shown  in  Figure  2  versus  temperature.  The  most  importan'  point  is  that  m^  Mlows,  in  a 
wide  regime  of  temperatures,  the  exact  solution  of  the  2-dimensional  Ising-model,  much 
better  than  the  asymptotic  power  law  m  (Tc  -  T)'^®  which  is  frequently  used  in  the 
literature  for  the  discussion  of  temperature-dependent  magnetic  order  in  perpendicularly 
magnetized  films  in  the  monolayer  regime.  The  low-temperature  moment  of  4-10''*  Vsm 
should  be  compared  with  the  moment  of  a  bulk  mcmolayer,  m„^  =  7'10''5  Vsm. 
Apparently,  the  monolayer  component  observed  in  Figure  2  represents  only  roughly  60%  of 
the  Sample,  other  components  being  situated  prtrfiably  in  the  channels  of  the  film  structure. 
The  Curie-temperature  is  again  strongly  reduced,  as  expected  for  ferromagnetic 
monolayers.  For  the  following  discussion  of  coupling  samples,  composed  of  those 
monolayers  and  a  Cu(l  1  l)-spacer,  the  data  presented  in  Figure  2  may  be  taken  as  a  further 
indication  of  the  very  good  quality  of  these  ferromagnetic  monolayers. 


INDIRECT  COUPLING  BETWEEN  Co-MONOLAYERS  THROUGH  CuIIH) 

For  the  investigation  of  indirect  coupling,  we  prepared  samples  of  type 
Cudlll/lCo/DcuCu/lCo/Cu.  composed  of  2  monolayers  of  Co.  separated  by  a  Cu-film 
consisting  of  Dfu  ML  of  Cu:  the  whole  sample  was  finally  covered  by  a  thick  Cu-layer. 
The  Co/Cu/Co  trilayer  was  prepared  at  room  temperature.  Flysteresis  loops  for  a  series  of 
samples  with  variable  D^u.  as  measured  by  TOM,  are  shown  in  Figure  3.  In  order  to 
explain  these  loops,  we  recall  what  is  measured  primarily  in  TOM.  What  is  measured  by 
this  method  is  the  period  of  small  amplitude  torsion  oscillations  of  the  sample,  near  its 
equilibrium  position  with  the  spontaneous  magnetization  parallel  to  an  external  field.  For 
our  present  perpendicularly  magnetized  samples,  this  is  a  orientation  with  the  film  plane  at 
right  angles  to  the  field.  The  change  of  the  period  with  the  magnetic  field  can  be  easily 
expressed  by  a  magnetic  torque  constant  R,  which  is  conveniently  normalized  by  the 
external  field  H.  The  ratio  R/H,  which  is  shown  in  Figure  3  versus  magnetic  field  H,  equals 
the  remanent  moment  in  the  limit  H  —  0.  For  samples  with  homogeneous  magnetization. 
R/Fl  is  connected  in  general  with  the  magnetic  moment  component  along  the  field,  m,  by 

R/H  =  m/(l  -t-  H/Hl)  (1). 

where  is  an  anisotropy  field  describing  the  coupling  of  the  magnetization  to  its  easy 
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Figure  3:  Hysteresis  loops  of  R/H  versus  H  for  samples  Cu(l  1 1  l/lCo/DcyCu/lCo/Cu. 
composed  of  two  perp-’uoicubrly  magnetized  monolayers  Co.  separated  by  a  Cu-spacer 
consisting  of  a  varying  numbor  D(-„  of  atomic  Cu-layers.  Magnetometry  was  done  at  room 
temperature,  with  the  samples  oriented  spontaneously  at  right  angles  to  the  field,  so  they 
represent  a  perpendicular  magnetization.(From  (ISl). 
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Figure  4;  Remanent  perpendicular  moment  m_L,  taken  from  loops  as  shown  in  Figure  3, 
versus  Dcu,  for  samples  Cu(lll)/lCo/DcuCu/lCo/Cu.  (From  (18]). 


Figure  5:  Remanent  in-plane  moment  m„  versus  Dpu,  for  samples 
Cu(lU)/5Co/DcuCu/5Co/Cu.  (From  (18}). 
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direction  in  the  sample.  An  example  of  this  behaviour  is  given  by  the  sample  with  =  9. 
This  is  a  sample  with  ferromagnetic  coupling  between  the  two  monolayers  contained  in  it, 
where  for  decreasing  field  both  these  monolayers  are  magnetized  homogeneously  and 
parallel  and  R/H  therefore  follows  Equation  1,  with  an  anisotropy  field  /iuHl  =  0.8.T  Tesla; 
the  same  anisotropy  field  was  measured  for  the  single  monolayer.  Ferromagnetic  coupling 
of  the  two  monolayers  of  course  is  given  too  in  the  limiting  case  =  0,  see  the  first  loop 
in  Figure  3.  The  difference  to  the  case  Dc„  =  9  is  the  loss  of  two  internal  Cuy'Co-intei  laces, 
which  are  the  origin  of  the  perpendicular  magnetization  by  virtue  of  their  perpendicular 
MSA.  Accordingly,  the  sample  Dc^  =  0  is  very  near  the  reorientation  transition  to  in-plane 
magnetization.  Apparently,  some  part  of  the  film  is  again  magnetized  in  the  plane,  that 
means  at  right  angles  to  the  magnetic  field.  It  has  been  shown  elsewhere  [261  in  detail  that 
such  anomalously  oriented  film  elements  produce  strong  negative  values  of  R/H,  for  H  > 
0.  The  first  loop  in  Figure  3  therefore  quantitatively  speaking  presents  only  the  remanent 
moment  of  7- !()■'’  Vsm,  which  is  twice  the  moment  of  the  monolayer  sample  of  Figure  2. 
The  rapid  decrease  of  R/H  with  increasing  H  is  connected  with  the  weak  anisotropy  and 
with  inhomogeneities  in  the  sample,  in  a  mode  which  cannot  be  interpreted  quantitatively  at 
present.  Similar  difficulties  for  the  interpretation  of  the  data,  for  H  =  0,  are  observed  for 
the  other  samples,  superimposed  now  even  by  the  antifenomagnetic  coupling,  which  of 
course  makes  the  magnetization  intrinsically  inhomogeneous.  Obviously  a  further  important 
complication  is  given  in  those  perpendicularly  magnetized  double  layers  by  a  strong 
magnetostatic  coupling,  which  in  turn  can  be  neglected  widely  for  the  common  case  of  in¬ 
plane  magnetization. 

What  definitely  remains  despite  of  all  these  complications  is  that  the  value  of  R/H  at  H 
=  0  represents  the  remanent  moment  of  the  samples  and  that,  because  all  data  of  Figure  3 
were  measured  with  the  film  at  right  angles  to  the  field,  this  is  a  remanent  perpiendicular 
moment.  This  remanent  perpendicular  moment  mj_  is  shown  in  Figure  4  as  a  function  of 
Dcu-  It  shows  a  clear  oscillation.  The  deep  minimum  at  =  4  indicates  a  far-reaching 
compensation  of  both  monolayer  moments,  that  means  a  maximum  antiferromagnetic 
coupling.  A  further  minimum  of  mj_  indicating  maximum  antiferromagnetic  coupling  is 
observed  at  Dc„=  13,  a  maximum  indicating  ferromagnetic  coupling  near  Dqu  =  9.  The 
amplitude  of  the  oscillation  decreases  with  increasing  Dq,,  and  mj_fades  out  at  the  moment 
of  one  monolayer  only,  not  of  two.  This  indicates  that  the  indirect  coupling  persists  up  to 
Dcu  =  15  and  the  samples  must  be  interpreted  in  terms  of  intermixed  coupling  as  a  result 
of  inhomogeneous  Cu-thickness,  rather  than  consisting  of  two  decoupled  monolayers,  which 
should  show  a  remanent  moment  of  two  monolayer  moments,  twice  of  what  is  observed. 

A  second  series,  Cu(lll)/5Co/DcuCu/5Co/Cu,  was  prepared  and  investigated, 
containing  Co-films  consisting  of  5  ML.  This  Co  thickness  is  well  above  the  reorientation 
transition,  and  the  samples  were  therefore  all  magnetized  in  the  plane.  Accordingly,  they 
were  measured  in  TOM  with  the  film  plane  parallel  to  the  field.  As  a  result  of  these 
measurements,  we  show  in  Figure  S  the  remanent  in-plane  moment  m||  versus  Dq,.  It  again 
shows  an  oscillation,  but  with  a  strongly  reduced  amplitude,  around  a  mean  value  which 
very  nearly  equals  the  magnetic  moment  of  10  bulk  monolayers,  70- 10-**  Vsm.  This  means 
that  the  magnetic  moment  per  atom,  in  these  thicker  samples,  has  nearly  its  bulk  value, 
which  is  reasonable.  The  oscillation  again  clearly  indicates  antiferromagnetic  minima  at  4 
and  14  ML  Cu,  and  a  ferromagnetic  maximum  between.  The  strong  reduction  of  the 
oscillation  amplitude  with  increasing  Co-thickness  can  easily  be  explained  by  assuming  that 


the  Cu-interlayer  is  not  completely  closed,  but  contains  some  holes  or  channels. 
Apparently,  the  material  of  the  5  ML  Co  in  the  second  series  of  samples  is  enough  to 
widely  fill  these  holes  and  channels  by  Co,  forming  ferromagnetic  bridges  which  dominate 
the  coupling.  The  residual  antiferromagnetic  coupling  across  the  Cu-islands,  which  may 
well  cover  the  overwhelming  part  of  the  film  area,  can  be  detected  only  by  the  high 
sensitivity  of  TOM.  The  oscillations  of  Figure  5  could  hardly  be  detected  by  MOKE.  On 
the  other  hand,  the  material  of  the  monolayers  Co  in  Figure  4  is  nut  sufficient  for  filling  the 
holes  and  channels  and  the  competing  ferromagnetic  hole-coupling  is  weak,  resulting  In  the 
well  expressed  oscillations  of  Figure  4. 


DISCUSSION 

As  a  main  result  of  our  experiments,  we  observe  that  indirect  coupling  between  Co¬ 
monolayers  through  Cu(ll  1)  could  clearly  be  confirmed.  What  could  be  confirmed  too  is  a 
pronounced  tendency  of  this  indirect  and  potentially  antiferromagnetic  coupling  to  be 
obscured  by  a  competing  ferromagnetic  coupling,  caused  by  defects  in  the  Cu-spacer,  which 
are  filled  with  ferromagnetic  material.  With  this  interpretation,  our  results  are  in  agreement 
with  the  work  of  Egelhoff  and  Kief  {I5|:  With  their  Co-thicknesses  near  5  ML,  we 
observed  a  tiny  oscillation  amplitude  only  which  might  well  have  been  disasppeared  for  tiny 
changes  of  the  preparation  conditions.  In  comparison  with  the  very  clearly  detected 
oscillations  of  coupling  in  samples  with  cubic  spacers  in  <100)-orientation,  we  then  find 
phenomenologically  an  enhanced  tendency  for  retaining  holes  or  charmels  in  (lll)-spacers, 
and  in  comparison  with  the  well  expressed  oscillations  in  sputtered  samples  [9,10],  we  find 
that  the  tendency  to  retain  these  defects  is  stronger  in  single-crystalline  samples  than  in  the 
sputtered  ones.  In  this  situation,  we  recall  that  it  has  been  observed  many  years  ago  that  for 
the  epitaxial  growth  of  fee  metals  in  (lll)-orientation  on  nonmetallic  substrates  like 
molybdenite,  that  there  is  in  the  coalescence  phase  a  conspicuous  tendency  to  retain  narrow 
metal-free  channels  between  neighboring  metal  crystallites  (27).  This  can  be  explained  by 
the  natural  double-twinning  by  two  types  of  crystallites  with  different  stacking,  and  the 
resulting  stacking  faults  which  must  be  formed  during  their  coalescence  [28].  This  creates  a 
special  barrier  against  coalescence,  specific  for  fcc(lll)  systems.  Recent  STM-work  on  the 
related  growth  of  fee  Fe(lll)  on  Cu(lll)  (29)  indicates  that  the  same  hindrance  of 
coalescence  takes  place  in  metallic  fcc(lll)  systems  too,  in  a  nm-scale  of  crystallites.  It  is 
restricted  to  the  case  where  the  film  growth  starts  by  nucleation  on  extended  single  crystal 
surfaces.  For  the  case  of  step  flow  from  a  high  density  of  atomic  steps  in  the  substrate,  the 
stacking  is  transferred  from  the  substrate  to  the  film  and  this  barrier  disappears  (Co  is 
mainly  fee  in  the  Cu/Co-multilayer  and  sandwich  systems).  We  therefore  suggest  that  a 
high  density  of  steps  in  the  sputtered  samples  facilitates  the  unhampered  coalescence  and 
therefore  the  well-expressed  coupling  oscillations.  In  general,  the  step  structure  of  the  first 
Co-layer  and  the  defect  structure  of  the  Cu-spacer  can  sensitively  depend  on  details  of  the 
preparation  condition,  which  can  hardly  be  defined.  It  is  therefore  not  surprising  that 
Johnson  et  al.(16]  could  detect  antiferromagnetic  coupling  in  Co/Cu/Co(ll  1  (-sandwiches  on 
single  crystal  substrates.  Accordingly,  antifetromagnetic  coupling  has  been  detected  by 
magnetoresistance  in  Co/Cu(lll)  superlattices  (30,31,32);  the  amplitude  of  the  effect 
depended  sensitively  on  the  choice  of  the  substrates  (30),  in  agreement  of  our  picture.  Our 
interpretation  that  the  anti  ferromagnetic  coupling  tends  to  be  obscured  preferentially  in  good 
epitaxial  samples  is  supported  by  recent  work  of  Schreyer  et  al.(331,  who  analyzed  MBE- 
grown  Co/Cu-lattices  by  neutron  reflection  and  by  MOKE,  with  the  result  that 
antifetromagnetic  coupling  occurs,  but  only  in  a  small  fraction  of  the  volume.  Our 
interpretation  is  further  in  agreement  of  recent  work  of  Pinkvos  et  al.(34),  who  followed 
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Co/Cu/Co(lU)  trilayers  using  spin  polarized  low  energy  electron  micioscopoy  (SP- 
LEEM,  [35]).  Using  a  lateral  resolution  of  about  100  nm,  they  found  in  the 
anriferromagnetic  regime  of  Dq,  =  4  a  fine-grained  intermixing  of  ferro-  and 
anti  ferromagnetic  coupling,  which  fits  well  in  our  picture.  As  a  whole,  the  indirect  coupling 
between  Co-layers  through  a  Cu(  1 1 1  )-spacer  can  now  be  taken  as  a  well  established 
intrinsic  property  of  the  ideal  structure.  However,  the  tendeny  to  be  obscured  by  defects  in 
the  spacer  is  a  property  of  the  system  too. 

We  would  like  to  compare  finally  the  experimental  results  from  different  groups  relating 
the  positions  of  the  maxima  of  the  antiferromagnetic  coupling.  They  are  collected  in  Table 
1.  There  is  complete  agreement  in  the  position  of  the  first  antiferromagnetic  maximum  at 
tcu  =  (0.85jt0. 15)  nm.  Most  experiments  detect  further  maxima  at  roughly  2.0  and  3.0 
nm.  This  is  in  fair  agreement  with  the  theoretical  prediction  (7)  of  a  period  of  0.94  nm.  The 
anti  ferromagnetic  maximum  at  2  nm  is  missing  in  our  experiments.  One  might  speculate 
whether  the  first  maximum  is  strong  enough  to  survive  the  competing  hole-coupling,  and 
for  the  third  one  the  holes  are  closed  again,  whereas  in  the  second  one  the  antiferromagnetic 
coupling  is  weak  enough  to  be  obscured  by  the  yet  considerable  hole-coupling.  STM- 
experiments  are  clearly  required  to  further  clarify  the  structural  details. 


Table  1 :  Experimental  values  for  the  Cu-thickness  t^u  for  which  maxima  of  the 
antiferromagnetic  indirect  coupling  are  observed  in  Co/Cu/Co(l  1 1)  trilayers  or  sandwiches. 


Reference 

Type  of  samples 

tcu(nm) 

Parkin  et  al.  [9] 

Moscaetal.  [10] 

Schreyer  et  al.  [33] 

Dupas  et  al.  [32] 

This  work 

sputtered  multilayers 
sputtered  multilayers 
MBE-multilayers 
epitaxial  multilayers 
epitaxial  trilayers, 
containing  Co-monolayers 

0.85  1.95  3.0 

0.75  2.0  3.5 

1.0  2.0  2.8 

0.86  1.65 

0.83  2.9 

CONCLUSIONS 

In  conclusion,  we  have  shown  that  oscillatory  indirect  coupling  between  Co-monolayers 
through  a  Cu(lll)-spacer  is  an  intrinsic  jrfienomenon  of  the  system.  It  can  easily  be 
obscured  by  competing  ferromagnetic  hole-coupling,  the  tendency  for  which  is  stronger  in 
single-crystal  samples  than  in  sputtered  multilayers.  The  coupling  between  the  monolayers 
depends  on  the  Cu-thickness  in  the  same  manner  as  the  coupling  between  thicker  Co-films; 
this  justifies  the  usual  comparison  of  the  theory,  which  treats  the  coupling  between 
monolayers,  with  experiments  on  coupling  of  thicker  ferromagnetic  films. 
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STUDIES  OF  EXCHANGE  COUPLING  IN  Fe(OOI)  WHISKER/Cr/Fe 
STRUCTURES  USING  BLS  AND  RHEED  TECHNIQUES. 


B.  Heinrich,  M.  From,  J.F.  Cochran,  L.  X.  Liao,  Z.  Celinski,  C  M.  Schneider'*'  and 
K.Mynle,  Physics  Department,  Simon  Fraser  University,  BURNABY,  Canada,  V5A1S6. 


ABSTRACT 

The  conditions  for  an  almost  perfect  growth  of  smooth  Cr(001 )  films  on  an  iron  whisker 
substrate  have  been  investigated  by  means  of  reflection  high  energy  electron  diffraction 
(RHEED).  The  exchange  interaction  between  20  monolayer  thick  Fe(OOl)  films  separated 
from  a  bulk  whisker  Fe(OOl)  substrate  by  a  variable  number  of  CifOOl)  monolayers  (ML)  has 
been  investigated  by  means  of  Brillouin  light  scattering  experiments  (BLS).  These  experiments 
show  unambiguously  that  the  exchange  coupling  strength  between  the  iron  film  and  the  iron 
whisker  can  be  described  by  a  short  wavelength  oscillatory  term  superposed  on  a  slowly 
varying  annferromagnetic  background.  The  BLS  data  enabled  one  to  separate  the  bilinear  and 
the  biquadratic  contributions  to  the  antiferromagnetic  exchange  coupling  terms.  Both  the 
bilinear  and  the  biquadratic  coupling  strengths  exhibited  a  shon  pieriod  oscillatory  dependence 
on  the  Cr  interlayer  thickness  (~2  monolayers).  Maxima  in  the  bilinear  antiferromagnetic 
coupling  strength  occur  for  an  odd  number  of  Cr  monolayers.  This  observation  is  not  in 
agreement  with  first  principles  calculations.  The  first  phase  inversion  has  been  found  to  occur 
between  4  and  5  .ML  of  Cr. 


INTRODUCTION 

Fe/Cr/Fe((K)l)  structures  have  played  an  immense  role  in  the  study  of  the  exchange 
coupling  between  ferromagnetic  films  separated  by  a  non-ferromagnetic  interlayer.  A  new  era 
in  the  study  of  the  exchange  coupling  was  begun  with  the  discovery  of  short  wavelength 
oscillations  (X.=2.11ML)  in  Fe/Cr/Fe(001)  systems  11,2).  Smooth  interfaces  are  a  necessary 
prerequisite  for  the  observation  of  short  wavelength  oscillations,  and  FelOOl)  whiskers  have 
provided  substrates  which  allow  one  to  grow  very  smooth  interfaces.  By  choosing  the  right 
growth  conditions  one  can  observe  short  wavelength  oscillations  up  to  thicknesses  as  large  as 
80  ML  of  Cr  (3].  This  result  is  certainly  not  universal  even  for  samples  grown  on  FelOOl) 
whisker  templates.  In  their  quantitative  measurements  Purcell  et  al  12),  and  Griinberg  ei  al  14), 
observed  only  a  few  oscillations.  The  measurements  by  Purcell  et  al  |2]  and  Griinberg  ei  al  (4) 
indicated  that  the  maxima  of  the  antifetiomagnetic  coupling  (AFM)  occured  at  an  even  number 
of  Cr  atomic  layers  (ML).  However,  in  the  thickness  range  studied  by  Purcell  et  al,  and  by 
Griinberg  et  al,  12,4),  the  NIST  group  showed  (3),  and  our  BLS  studies  15)  on 
Fe/whisker/Cr/Fe  samples  showed,  that  the  maxima  of  the  AFM  coupling  appear  at  an  odd 
number  of  ML.  Recent  results  by  Griinberg  et  al  (6)  on  improved  interfaces  produced  a  larger 
number  of  oscillations  (up  to  26  ML)  than  their  earber  studies  on  Fe  whiskers  14).  The  maxima 
of  the  AFM  coupling  reported  in  this  latest  work  were  observed  to  occur  somewhere  between 
an  even  and  an  odd  number  of  Cr  ML.  The  phase  of  the  exchange  coupling  oscillations 
through  Cr(OOl)  is  important  because  it  can  be  theoretically  predicted  from  the  sign  of  the 
exchange  coupling  between  Fe  and  Cr  and  from  the  antiferromagnetic  spin  density  wave  in 
0((K)1).  A  strong  antiferromagnetic  interaction  between  the  adjacent  Fe  and  Cr  atomic  layers 
and  the  short  wavelength  (2. 1 1  ML)  antiferromagnetic  configuration  of  the  Cr  magnetic 
moments  leads  to  AFM  coupling  in  Fe/Cr/FefOOl)  for  an  even  number  of  Cr  ML  and 
ferromagnetic  (FM)  coupling  for  an  odd  number  of  Cr  ML  (for  the  first  23  ML  of  Cr).  All 
avalaible  first  principle  calculations  predict  this  behavior.  This  is  exactly  opposite  to  the 
behaviour  found  in  the  NIST  measurements  and  in  our  experiments.  The  NIST  group 
suggested  that  within  the  first  SML  of  Cr  the  phase  of  the  oscillations  undergoes  the  first  phase 
slip.  One  should  point  out  that  the  NIST  studies  do  not  determine  the  stien^  of  the  exchange 
coupling.  In  fact  no  quantitative  data  are  so  far  avalaible  for  FM  coupling.  (Quantitative  studies 
[2,4,6]  have  shown  that  the  exchange  coupling  for  thicknesses  between  4  and  lOML  of  Cr 
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(2,4,6)  have  shown  that  the  exchange  coupling  for  thicknesses  between  4  and  lOML  of  Cr 
always  remains  AFM.  Recent  calculations  by  Zhu-Pei  Shi  el  al  (7)  have  tried  to  explain  this 
behavior  as  due  to  the  presence  of  superexchange.  The  calculated  strength  of  the  exchange 
coupling  is  far  bigger,  by  a  factor  20-50  times,  than  that  observed  experimentally.  This 
discrepency  is  usually  explained  by  the  presence  of  interface  roughness. 

Clearly  more  measurements  have  to  carried  out  in  order  to  find  adequate  answers  for  the 
above  discrepancies.  The  purpose  of  this  paper  is  to  investigate  the  exchange  coupling 
through  Cr(001)  in  Fe  whisker/Cr/Fe(001)  samples  which  possess  nearly  perfect  interfaces  so 
that  interface  roughness  plays  only  a  minor  role.  We  intentionally  did  not  use  wedged  samples 
because  we  were  interested  in  making  measurements  on  samples  in  which  the  interface 
thickness  was  well  defined;  in  wedged  samples  one  does  not  know  the  precise  thicknesses  of 
those  pans  of  the  sample  which  exhibit  the  best  interfaces.  Our  measurements  were  restricted 
to  the  first  14  ML  of  Cr  which  is  the  thickness  region  concerned  with  most  of  the  discrepancies 
between  various  repons. 

Quantitative  studies  were  carried  out  by  means  of  the  Brillouin  Light  Scattering  technique 
(BLS)  [8|.  The  growth  of  Cr  and  Fe  layers  was  monitored  by  means  of  Reflection  High 
Energy  Electron  Diffracuon  (RHEED)  equipped  with  a  charge  coupled  imaging  sensor  (9) 
which  allowed  us  to  carry  out  a  lineshape  analysis  of  the  specular  beam  intensity.  We  found 
that  the  quality  of  the  growth  very  strongly  affects  the  behavior  of  the  exchange  coupling:  this 
statement  is  true  even  for  growths  that  exhibit  strong  stationary  RHEED  intensity  oscillations. 
The  lineshape  analysis  of  the  specular  beam  turned  out  to  be  essential  for  the  identification  of 
the  optimum  growth  conditions.  Only  samples  which  were  grown  under  optimal  growth 
conditions  exhibited  a  reproducible  exchange  coupling. 

THE  GROWTH  OF  Cr(OOi)  on  Fe[001|  WHISKERS 

Well  prepared  Fe(OOl)  whiskers  represent  the  best  available  metallic  templates  and  are 
characterized  by  atomic  terraces  whose  dimensions  are  in  excess  of  1pm.  The  cross-section  of 
a  typical  Fe(OOl)  whisker  is  rectangular,  approximately  0. 15  to  0.20  pm  square,  and  a  typical 
whisker  length  lies  between  7-15  mm.  The  whisker  surfaces  are  hounded  by  ( 100)  planes. 

The  Fe  whiskers  were  fabricated  by  means  of  chemical  vapor  deposition.  An  Fe  whisker 
surface  was  cleaned  in  UHV  by  using  the  following  procedure:  The  whisker  was  first 
sputtered  at  room  temperature  in  order  to  remove  any  residual  surface  contamination  which 
was  created  during  the  whisker  growth.  The  whisker  was  then  brought  to  a  temperature  of 
550  C  and  sputter  cleaned  for  W-120  minutes  using  a  2keV  Ar  ion  beam.  Sputtering  at 
elevated  temperatures  is  necessary  to  remove  subsurface  carbon  contamination.  The 
temperature  of  the  whisker  was  then  briefly  raised  to  700  C  (for  approximately  10  min.)  and 
then  quickly  cooled  to  room  temperature.  Fe  whiskers  prepared  in  this  way  exhibited  nearly 
perfect  RHEED  patterns.  Only  the  intersects  with  Ewald's  sphere  were  observed.  The 
diffraction  spots  were  very  sharp  showing  that  the  reciprocal  lattice  rods  were  very  narrow. 
Typical  RHEED  streaks  were  not  observed,  only  very  sharp  and  very  short  streaks 
accompanied  the  main  diffi^ction  spots.  Kikuchi  bands  were  very  sharp  but  showed  very  low 
intensity.  All  of  these  diffraction  features  indicated  that  the  Fe  whiskers  possessed  atomically 
smooth  surfaces  with  atomic  terraces  whose  dimensions  far  exceeded  the  instrumental 
resolution  of  our  RHEED  system.  The  RFIEED  intensity  oscillations  were  studied  by  directing 
the  RHEED  electron  beam  at  an  angle  which  satisfied  the  second  anti-Bragg  condition  (zero 
intensity  for  a  half  filled  atomic  layer). 

The  Cr  was  grown  at  elevated  substrate  temperatures.  The  choice  of  substrate 
temperature  is  very  crucial.  We  found  that  the  growth  of  Cr  proceeds  properly  only  if  the 
substrate  temperature  lies  within  a  very  narrow  range.  For  sufficienly  high  substrate 
temperatures  the  first  RFIEED  intensity  oscillation  always  shows  a  very  cuspy  dependence  on 
time,  see  Figs.la,lc  and  2.  For  low  temperatures  the  RHEED  oscillations  exhibit  a  clearly 
deteriorating  behavior.  The  amplitude  of  the  RHEED  oscilations  decreases  with  an  increasing 
number  of  deposited  ML,  and  the  character  of  the  oscillations  changes  from  a  cuspy  to  a 
clearly  sinusoidal  behavior.  If  the  substrate  temperature  is  too  high  the  second  minimum 
(l.SNQ-)  of  the  RHEED  oscillations  is  appreciably  higher  than  the  first  minimum  (0.5ML),  see 
Fig. la.  The  RHEED  oscillations  then  v^  quickly  develop  a  sinusoidal  character,  see  Fig. la, 
but  otherwise  the  oscillation  amplitude  is  very  stationary  and  the  oscillations  can  be  followed 
for  an  indefinite  time.  It  is  also  typical  that  the  RHEED  oscillations  are  superimposed  on  a 
background  intensity  which  slowly  increases  with  time,  see  Fig. la.  Low  and  high  substrate 
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temperatures  produce  inadequate  Cr(001 )  layers.  Line  scans  of  the  specular  spot  clearly  reveal 
that  the  quality  of  the  growth  deteriorates  with  an  increasing  number  of  atomic  layers  even  for 
growths  at  high  substrate  temperatures:  Fig. lb  shows  that  the  width  of  the  specular  spot  line 
scan  increases  to  values  which  are  much  larger  than  those  corresponding  to  a  free  Fe  surface. 
A  deterioration  of  the  quality  of  Cr  films  for  growths  carried  out  at  low  substrate  temperatures 
is  not  surprising,  but  a  deterioration  in  quality  fcH-  high  substrate  temperatures  is  definitely 
unexpected.  One  would  expect  the  quality  of  the  growth  to  improve  with  increasing  substrate 
temperature,  but  fig.  lb  shows  that  the  contrary  is  true.  The  deterioration  of  the  growth  quality 
is  not  due  to  Fe,Cr  atomic  intermixing.  The  same  behavior  is  observed  for  the  growth  of  Fe  on 
Fe. 


0  ISO  300  450  600 

growth  time  [sec] 


Fig.  1 .{ 1  a)  The  RHEED  intensity  oscillations  measured  at  the  specular  spot  of  a  sample  which 
was  grown  at  too  high  a  subtrate  temperature.  The  electron  beam  angle  •  close  to  the  second 
anti-Bragg  condition,  (lb)  The  half  width  at  half  maximum  (HWHM  of  he  specular  beam 
intensity  along  the  (0,0)  reciprocal  rod.  The  HWIfM  analyses  were  ob  am  -d  from  line  scans 
which  were  monitored  during  the  RHEED  intensity  oscillation  measurements.  Fig.  Ic  and  Id 
show  similar  data  for  a  sample  which  was  grown  close  to  the  optimal  substrate  temperature. 
The  HWHM  of  the  specular  spot  in  Fig.  Id  slightly  increases  with  an  increasing  Cr  coverage. 
Note  also  that  the  minima  of  the  RHEED  intensity  oscillations  increase  with  increasing  Cr 
coverage.  This  implies  that  the  growth  was  cairi^  out  at  a  somewhat  higher  than  optimal 
temperature. 


The  best  growth  was  achieved  when  the  RHEED  oscillations  maintained  their  intensity 
minima  close  to  that  of  the  first  minimum  (0.5ML)  and  the  RHEED  intensity  maxima  were 
comparable  to,  or  larger  than,  the  specular  spot  intensity  for  the  bare  Fe  substrate,  see  Fig.2. 
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The  oscillations  in  that  case  were  clearly  cuspy,  and  that  cuspy  behavior  does  not  ceteriorate 
with  the  number  of  deposited  atomic  layers,  see  Fig.  2.  The  presence  of  well  definec  cusps  is 
the  strongest  indication  that  the  growth  proceeded  in  a  nearly  perfect  layer  by  layer  mcde  [  I0|. 
It  is  also  interesting  to  note  that  in  that  case  the  formation  of  atomic  layers  proceeded  very 
repeatably.  The  specular  spot  line  scans  at  the  RHEED  intensity  maxima  showed  narrow  lines 
whose  linewidths  were  very  nearly  the  same  as  those  for  the  Fe  substrate,  see  Fig.  Id  and 
therefore  the  Cr  layers  at  that  point  were  nearly  as  smooth  as  the  uncovered  Fe  whisker 
substrate.  When  a  new  atomic  layer  staned  to  nucleau:  the  intensity  decreased  and  the  line 
scans  started  to  exhibit  a  noticeable  broadening  away  from  the  specular  spot  along  the  direction 
of  the  (0,0)  reciprocal  rod.  The  broadening  reached  a  maximum  for  a  half  filled  atomic  layer. 
This  behavior  is  shown  in  Fig.  Id.  In  fact  the  line  scan  for  a  half  filled  atomic  layer  show^  a 
clear  splitting  (two  separated  maxima)  and  this  indicated  that  the  mean  separation  between 
deposited  atomic  islands  was  well  defined.  The  mean  separation  between  atomic  islands  was 
~700-800A  (at  half  ML  coverages).  Note  that  at  these  temperatures  the  size  of  an  atomic  island 
was  large  even  for  a  half  co'  ered  surface. 
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Fig. 2.  (2a)  The  RHEED  intensity  oscillations  measured  at  the  specular  spot.  Note  that  the 
amplitude  of  RHEED  intensity  oscillations  is  stationary  and  that  the  oscillations  exhibit  well 
defined  cusps  at  the  RHEED  intensity  maxima.  These  features  represent  optima!  growth 
conditions.  (2b)  The  line  scan  for  a  half  filled  atomic  layer  showed  a  clear  splitting  and  this 
indicates  that  the  mean  separation  between  atomic  islands  is  well  defined.  The  splitting  along 
the  (0,0)  rod  suggests  that  the  mean  separation  between  islands  was  -700-800  A. 


Proper  growth  is  possible  only  in  a  very  narrow  range  of  subs’  v  temperatures,  over  an 
interval  of  20  30  C.  It  is  difficult  to  determine  this  temperature  range  accurately  since  the 
thermal  contact  between  the  whisker  and  the  substrate  is  different  from  that  between  the 
thermocouple  and  the  substrate.  We  estimate  that  the  required  temperature  lies  in  the 
neighborhood  of  280-300  C.  the  proper  substrate  temperature  has  to  be  adjusted  during  the 
growth.  It  is  important  to  start  at  a  somewhat  lower  substrate  temperature  and  then  to  increase 
the  temperature  until  the  desirable  growth  pattern  develops.  The  growth  can  not  be  improved 
by  decreasing  the  substrate  temperature  once  a  growth  has  been  initiated  at  a  higher 
temperature  than  that  corresponding  to  optimal  conditions  .  Large  in-plane  diffusion  of  Cr 
surface  atoms  creates  a  new  set  of  unfavourable  atomic  steps  which  can  not  be  removed  simply 
by  decreasing  the  temperature,  and  hence  by  decreasing  the  radius  of  diffusion. 

Specimens  for  the  magnetic  studies  were  prepar^  by  depositing  the  desired  number  of 
Cr(OOi)  monolayers  on  the  clean  iron  whisker  following  the  above  prescription.  20  ML  of 
iron  were  deposited  at  room  temperature,  followed  by  20  ML  of  gold  also  deposited  at  room 
temperature.  The  gold  film  provided  a  protective  overlayer  which  prevented  the  iron  from 
oxidizing  when  the  specimens  were  removed  from  the  vacuum  chamber  in  order  to  carry  out 
the  BLS  measurements. 
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RESULTS  OF  MAGNETIC  STUDIES 


The  BLS  spectra  exhibited  the  two  distinct  forms  of  behaviour  illustrated  in  Fig.3a,3b.  In 
Fig.3a  the  scattered  light  spectrum  exhibits  features  which  can  be  clearly  idenafi^  with  the 
bulk  whisker  substrate  plus  two  peaks,  labled  TF  in  Fig.3a,  which  can  be  identified  with  the 
20ML  thick  Fe  film.  The  bulk  spectrum  has  major  features  which  are  labled  SM  (for  surface 
mode)  and  E  (for  bulk  manifold  edges);  these  features  are  exactly  the  same,  within 
experimental  error,  as  are  observed  for  an  iron  whisker  covered  with  gold.  The  prominent 
surface  mode  feature  is  extremely  useful  because  its  intensity  and  frequency  ate  nearly 
independent  of  the  Cr  and  Fe  thin  film  overlayers  and  it  therefore  provides  a  built-in  intensity 
calibration  and  frequency  check.  By  contrast,  the  position  in  (fluency  of  the  thin  film  peaks, 
TF  in  Fig  3a,  are  dependent  upon  the  number  of  layers  of  Cr  which  intervene  between  the  bulk 
substrate  and  the  20ML  thick  iron  film  ovetiayer.  We  interjHet  a  spectrum  of  the  type  shown  in 
Fig.  3(a)  to  be  indicative  of  the  presence  of  an  AFM  exchange  coupling  interaction  between  the 
bulk  Fe  substrate  and  the  thin  Fe  film.  The  second  type  of  spectrum  is  illustrated  in  Fig.  3b.  In 
this  case  one  can  clearly  identify  the  bulk  surface  nricide  frequency,  indicated  by  SM  in  Fig. 3b, 
whose  intensity  and  frequency  are  the  same,  within  experiment^  error,  as  the  surface  mode 
intensity  and  frequency  measured  for  a  given  applied  field  on  a  bulk  whisker  substrate  which 
carries  no  magnetic  thin  film  overlayer.  However,  the  thin  film  peak,  TF,  has  merged  with  the 
bulk  substrate  edge  frequencies.  We  interpret  a  spectrum  of  the  type  shown  in  Fig.3b  to 
indicate  that  the  magnetization  in  the  20ML  Fe  film  is  either  ferromagnetically  exchange 
coupled,  or  is  uncoupled,  from  the  magnetization  in  the  bulk  Fe  substrate. 
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Fig.  3.  Typical  BLS  intensity  vs.  frequency  shift  data  for  anti-ferromagnctically  (a)  and 
ferromagnetically  (b)  coupled  specimens.  The  data  shown  are  for  the  two  specimens  (a)  Fe 
whisker/1 1  Cr/20  Fe/20  Au  and  (b)  Fe  whisker/10  Cr/20  Fe/20  Au.  These  two  specimens 
were  grown  side  by  side  on  a  single  whisker.  TTie  applied  magnetic  field  in  both  cases  is  6 
kOe.  The  data  were  obtained  using  0.5145  pm  laser  light  incident  at  45",  and  using  an  f2 
collection  lens  in  the  back  scattering  configuration.  The  data  have  been  normalized  to  an 
incident  power  of  lOOmW  and  a  collection  time  of  1  second  per  channel.  SM  is  the  bulk 
surface  mode;  TF  the  thin  film  modes;  E  the  bulk  manifold  edges. 


The  magnetic  field  dependence  of  the  frequencies  of  the  features  labeled  SM,  E,  and  TF 
have  been  measured  for  each  specimen  over  the  range  0-10  kOe.  A  typical  result  of  such 
measurements  is  shown  in  Fig.4a  for  an  AFM  coupled  thin  film  specimen  whose  BLS 
spectrum  is  of  the  type  shown  Fig.3a.  It  is  obvious  from  Fig.4a  that  both  the  surface  mode 
frequency  and  the  thin  film  frequency  exhibit  a  non-monotonic  variation  with  increasing 
applied  magnetic  field.  Part  of  the  data  for  the  magnetic  field  interval  0-2  kOe  have  been 
redrawn  in  the  insen  of  Fig.4a  for  clarity;  the  frequencies  corresponding  to  the  thin  film  peak 
on  the  left  hand  side  of  the  central  Rayleigh  peak  have  been  plotted  in  the  insert.  The  magnetic 
field  variation  of  the  thin  film  frequency  is  characterized  by  the  presence  of  two  cusps  which 
occur  at  fields  labeled  Hi  and  H2  in  Fig.4a.  It  is  to  be  noted  that  for  an  applied  field  near  that 
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corresponding  to  Hi  the  surface  mode  frequency  also  exhibits  an  abrupt  change  in  its  magnetic 
fleld  dependence.  Neither  the  field  depen^nce  of  the  surface  mode  frequencies,  nor  the  field 
dependence  of  the  thin  film  frequencies  exhibit  any  detectable  magnetic  hysteresis  as  the 
applied  field  is  cycled  up  and  down.  The  intensities  cf  the  thin  film  p^dcs,  as  well  as  the  ratio 
of  the  intensities  of  the  peaks  on  the  left  and  on  the  right  hand  side  of  the  central  Rayleigh 
peak,  vary  considetably  accotding  to  whether  the  value  the  a|^ed  field  is  less  than  H] ,  lies 
between  Hi  and  H2,  or  is  greater  than  H2.  The  nu^netic  field  dependence  of  diese  intensities 
is  very  complex  and  is  not  oompietely  understood,  however  it  is  clear  that  the  orientation  of  the 
thin  film  magnetization  is  undergoing  a  considerable  re-orientation  as  the  field  is  increased 
from  zero  through  Hi  and  H2.  Fot  fields  greater  than  the  critical  value  H2,  (Fig.4a),  the 
magnedc  field  dependence  of  the  surface  mode  and  bulk  edge  frequencies  ate  the  same,  within 
experimental  uncertainty,  as  those  observed  for  an  Fe  whisker  covered  only  by  a  20  ML 
Au(001)  film. 


H  [kOe]  H  [kOe] 


Fig.  4.  BLS  peak  frequencies  vs.  applied  magnetic  field.  The  peak  frequencies  were  obtained 
by  fitting  Lotentzians  to  the  feaniies  labeled  SM  and  TF  in  Figure  3. 

(a)  Fe  Whisker/8  Cr/20  Fe/20  Au  .The  inset  shows  details  of  the  low  field  region.  The 
presence  of  the  cusps  at  the  fields  Hj  and  Hz  is  a  signature  anti-ferromagnetic  coupling 
between  the  Fe  thin  film  and  the  bulk  whisker. 

(b)  Fe  Whisker/10  Cr/20  Fe/20  Au.  The  rtwnotonic  increase  of  the  BLS  frequencies  indicates 
ferromagnetic  coupling. 


A  typical  magnetic  field  dependence  of  the  surface  mode  and  thin  film  frequencies 
observed  for  a  ferroma^etically  coupled  thin  film  of  the  spectral  type  shown  in  Fig.3b  is 
illustrated  in  Fig. 4b.  Neither  the  surface  mode  frequency  magnetic  field  ttependence  nor  the 
thin  film  frequency  dependence  exhibits  the  non-monotonic  behaviour  shown  in  Fig.4a  for  an 
AFM  coupled  thin  film.  The  magnetic  field  dependence  of  the  surface  mode  fiequency  is  the 
same,  within  experimental  uncertainty,  as  that  observed  for  a  whisker  which  carries  no  Fe 
overlayer.  The  frequencies  associated  with  the  thin  film  exhibit  a  monotonic  behaviour  with 
increasing  field,  but  these  frequencies  are  observed  to  shift  up  or  down  from  specimen  to 
specimen  as  the  thickness  of  the  Cr  interlayer  is  varied.  The  intensities  of  these  thin  film  peaks, 
as  well  as  the  ratio  of  intensities  of  the  left-  and  right-hand  peaks,  varies  slowly  and  stiKiothly 
with  an  increase  in  applied  field. 

ANALYSIS 

The  magnetic  field  dependence  of  the  diin  film  frequencies  of  the  type  shown  in  Fig.4a , 
and  which  correspond  to  BLS  spectra  of  the  type  shown  in  Fig.3a,  can  be  understood  on  the 
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basis  of  a  nxxlel  in  which  the  magnetization  in  the  thin  film  is  coupled  to  the  magnetization  in 
the  bulk  substrate  through  a  surface  cootaa  interaction  of  the  fonn  [1 1] 

EaB=  -J  lcos(d4)  +  J2cos2{A^)  ( 1 ) 

where  EaB>  fl<  and  J2  are  measured  in  ergs/cm^  and  is  the  angle  between  the  film 
magnetizatioii  and  the  bulk  magnetizadon  at  their  facing  surfaces.  TIk  term  proportional  to 
cos(A0)  is  called  the  bilinear  exchange  coupling,  and  the  term  proportional  to  the  square  of  the 
cosine  term  is  called  the  biquadratic  exchange  coupling.  If  Ji  is  negative,  corresponding  to 
AFM  coupling,  one  expects  the  thin  film  magnetization  and  the  bulk  magnetization  to  lie 
antiparallel  along  one  of  the  easy  Fe  cube  axes  for  small  magnetic  fieUs.  Since  in  our 
experiments  the  applied  field  is  directed  along  a  cubic  axis,  for  fields  smaller  than  the  first 
critical  field,  H  i  of  Fig.  4a,  one  expects  the  bulk  magnetizadon  to  be  oriented  along  the  applied 
field  and  the  thin  film  magnetization  to  be  oriented  anti-parallel  to  die  applied  field.  However, 
at  the  field  Hi  the  fiee  energy  of  the  system  can  be  r^uMd  if  the  dtin  film  magnetization 
begins  to  rotate  away  from  the  antiparallel  configuration.  Once  the  thin  film  magnetization  at 
the  film  surface  has  rotated  away  fiom  the  antiptfallel  configuration  one  can  no  longer  expect 
the  static  magnetization  distribunon  in  the  thin  film,  or  in  die  bulk  substrate,  to  be  uniform. 
Both  magnetizations  will  exhibit  a  ^adal  variation  along  the  direction  of  the  surface  normal, 
the  z-dir^on,  in  which  the  magnetization  rotates  in  the  x-y  plane.  Eventually  tlw  torque  due 
to  the  applied  field  brings  the  thin  film  magnetization  into  alignment  with  die  aj^li^  field 
direction,  and  for  fields  greater  than  that  ewresponding  to  the  high  field  cusp,  H2  of  Fig.4a, 
the  thin  film  magnetization  becomes  uniform  and  parallel  with  the  iqiplied  field  direction,  and 
the  bulk  magnetization  becomes  also  uniform  and  parallel  with  the  applied  field  direction. 
According  to  this  model  the  critical  fields  Hi  and  H2  can  be  used  to  deAvet  values  for  the 
bilinear  and  biquadratic  exchange  coupling  term  J],  and  J2  of  eqn.(l).  If  it  is  assumed  that  (1) 
the  magnetization  of  the  bulk  Fe  remains  uniform  and  parallel  with  the  applied  field,  (2)  thiu 
the  thin  film  magnetization  rotates  uniformly,  and  (3)  that  the  thin  film  has  the  same 
magnetization  .•$  the  bulk,  it  is  easy  to  show  from  a  small  angle  expansion  of  the  free  energy 
that 


Jl-2J2  =  -dMs(H2  +  ^)  (2) 

and  that 

Il+2J2  =  -dMs(Hi-^),  (3) 

where  d  is  the  film  thickness,  Ms  is  the  saturation  magnetization,  and  K]  is  the  cubic 
anisotropy  constant  for  rotation  of  the  magneti^on  in  the  plane  of  the  thin  filno.  Equations  (2) 
and  (3)  correspond  to  the  infinite  exchange  stiffness  limit  The  problem  becomes  much  more 
complicated  if  the  thin  film  and  bulk  static  magnetizations  are  permitted  to  rotate  in  the  plane 
perpendicular  to  the  film  normal.  However,  a  small  angle  expansion  around  the  fields 
corresponding  to  Hi  and  H2  can  be  used  in  conjunction  widi  die  thet^es  described  by  Mills 
[12]  and  by  O'Handley  and  Woods  [13]  to  deduce  that 


Jl  -  2I2  =  aA  [  exp(-2ad)  - 1] , 
where  A  is  the  exchange  stiffness  parameter  in  ergslcm  and 


* - 2A7M5 — 


(4) 


(5) 


In  deriving  equations  (4)  and  (S)  it  has  been  assumed  that  the  magnetic  patametm  of  the  thin 
film  mate^  are  the  same  as  the  bulk  magnetic  parameters.  This  assumption  is  very  well 
satisfied  for  20  ML  thick  iron  films  and  a  Inilk  iron  substrate.  Similarly,  one  can  deduce  for 
fields  near  the  cusp  field  H] 


where 

and 


(7) 


b2=- 


(Hl 


Ms^ 


2A/Ms 

'  2A/Ms 


(8) 


In  the  limit  of  large  exchange  stiffiiess  equations  (4)  and  (6)  go  over  into  equations  (2)  and  (3). 
Equations  (2),  (3),  (4)  and  (S)  have  been  used  along  with  the  room  ten^terature  pn^reities  of 
Fe  (Ms=1.706  kG,  A=2xl0-‘ergs/cin,  and  2Ki/Ms^.Sl  kOe)  to  calculate  values  of  Ji  and 
J2  for  our  specimens  that  exhibited  AFM  coupling.  The  results  are  listed  in  Table  I.  It  is  wcnth 
noting  that  a  rather  large  biquadratic  exchange  term,  J2,  is  required  to  fit  the  observed  critical 
fields  Hi  and  H2.  In  most  cases  J2  is  nearly  S0%  of  the  bilinear  term  Ji. 

Table  I.  Observed  exchange  coupling  constants  at  room  temperature  for  the  12  specimens 
studied.  The  composition  of  the  spenmens  was:  Fe  Whisker/N  Cr/20  Fe/20  Au/.  The 
thickness  of  the  Cr  film  in  ML,  N,  is  given  in  the  first  column  of  the  table.  The  upper  and 
lower  cusp  fields,  H  j  and  H2  corre^nd  to  the  fields  identified  in  the  inset  of  fig.  4(a).  I  j 
and  J2  are  the  bilinear  and  biquadratic  exchange  coupling  constants  deduced  from  the 
measmed  values  of  H  j  and  H2  (see  eqn.(l)  in  the  text). 


N 

Lower  Cusp 

Upper  Cusp 

jJj  1  +  2J2  from 

P.i 

J2 

MLofCr 

Field.//, 

upper  Cusp  Field 

(ergs/cm^\ 

(erg»/ai>^) 

(kO.) 

(kO.) 

Kisid 

Twist  in 

MaXitciiselioii 

MaKuetixation 

4 

l.0±0.5 

0.74 

0.59 

— 

— 

S 

0.2$  ±0.25 

4.5  ±  .25 

2.44 

1.65 

0.89 

U.38 

6 

0.7  ±0.2 

2.0  ±  .25 

1.22 

0.93 

0.51 

0.28 

7 

0.75  ±0.1 

2.7  ±0.1 

1.57 

1.14 

0.85 

0.36 

8 

0.5  ±0.1 

1.0  ±0.1 

0.71 

0.59 

0.30 

0.15 

8 

0.3  ±0.1 

0.9  ±0.1 

0.69 

0.56 

0.3.3 

0.12 

9 

0.75  ±0.2 

2.75  ±0.2 

1.59 

1.16 

0.64 

0.26 

9 

0.75  ±  0.2 

>  5.0 

— 

— 

— 

— 

10 

FM  coupl«<l 

FM  coupled 

— 

— 

— 

— 

11 

l.2v±0.2 

4.0  ±  0.2 

2.20 

1.52 

0.96 

0.28 

12 

FM  coupled 

FM  coupled 

— 

— 

— 

— 

13 

<  0.5 

t.«±0.2 

1.13 

0.86 

kO.43* 

as  0.21* 

*  Using  J}  =  2J3 

DISCUSSION 


Our  results  clearly  demonstrate  that  in  the  thickness  range  of  4-13  ML  the  AFM  coiqiling 
exhibits  short  wavelength  oscillations  with  a  period  close  to  2ML.  Maxima  of  the  AFM 
coupling  are  observed  for  an  odd  number  of  O’  monolayers.  Fch-  thicknesses  less  than  lOML 
the  shOTt-wavelength  oscillations  are  superposed  on  a  b^kgrot^  of  a  slowly  varying  AFM 
coupling.  The  amplitude  of  the  shwt-wavelength  oscillations  is  significantly  enhanced  for 
thicknesses  greater  than  9ML  of  O.  FM  coupling  is  observed  for  O  interlayerslO  and  12  ML 
thick.  The  BLS  data  enables  one  to  separate  the  bilinear  and  the  biquadratic  contributions  to 
the  antifetromagnetic  exchange  coupling  terms.  Both  the  bilinear  and  the  biquadratic  coupling 
strengths  exhibit  a  short  period  oscillatory  dependence  on  the  (2r  interlayer  thickness  (-2 
monolayers),  see  fig.S.  Om  can  a^  "  is  the  biquadratic  coupling  term  caused  by  an  intrinsic 
mechanism,  or  does  it  have  its  origin  in  an  interface  roughness  through  the  mechanism 
proposed  by  Slonczewski?".  The  Slonczewslti  model  [14]  predicts  a  biquadratic  coupling 
strength  that  varies  quadratically  with  the  change  in  exchange  coupling  for  a  change  in 
thickness  of  one  atomic  layer,  aJ  (doe  to  residual  interface  roughness).  Note  that  the 
biquadratic  term  has  approximately  the  same  strengtii  for  7  ML  as  it  has  for  1 1  ML  (see  fig.Sb) 
even  thou^Aj  increases  by  at  least  a  factor  of  two  between  7  and  11  ML.  This  observatitm, 
coupled  with  the  very  smooth  Fe  substrate  and  almost  equally  smooth  Cr(001)  films,  argues 
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against  the  Slonczewski  mechanism.  Note  that  the  maxima  in  the  biquadratic  exchange 
coupling  strength  appear  to  be  in  phase  with  the  maxima  in  the  strength  of  the 
andferromagnetic  bilinear  coupling.  One  would  like  to  know  if  this  feature  would  be 
reproduced  by  a  realistic  model  for  tte  exchange  coupling  through  Cr(001). 


Fig.5.  (a)  The  total  exchange  coupling  (ii-2J2  ftom  eqn.(4)  in  the  text)  plotted  as  a  function  of 
Cr(001 )  interlayer  thickness.  The  coupling  (Jj-Ui)  corresponds  to  applied  fields  such  that  the 
magnetizations  in  the  two  ferromagnetic  regions  are  paraUel. 

(b)  The  thickness  dependence  of  the  bilinear  exchange  coupling  term,  Jj,  and  the 
biquadratic  exchange  coupling  term,  Jj. 

All  measurements  were  carried  out  at  room  temperature.  In  both  (a)  and  (b)  the  black 
squares  indicate  weak  ferromagnetic  coupling.  We  are  unable  at  present  to  provide  a 
quantitative  evaluation  of  this  ferromagnetic  coupling  strength  so  we  have  put  these  values 
equal  to  zero.  We  were  also  unable  to  determine  the  stren^  of  the  biquadratic  exchange 
coupling  for  ferromagnetically  coupled  specimens;  those  values  ate  likely  to  be  small  so  we 
have  artetrarily  set  J2=0.  The  dashed  lines  are  a  cubic  spline  fit  to  the  points  as  an  aid  to  the 
eye. 


Acccading  to  first  principles  calculations  [13]  the  phase  of  the  coupling  between  two  iron 
layers  separated  by  a  C^OOl)  interlayer  is  determined  by  two  principles:  (1)  the  Cr  spins  are 
antiferromagnetically  coupled  to  the  iron  surface  spins,  and  (2)  the  Cr  contains  an 
antiferromagnetic  spin  density  wave  with  a  period  close  to  2  monolayers  (ML).  For  Cr 
interlayer  thicknesses  in  the  range  of  our  measuremems  the  first  principles  calculations  predict 
maxima  in  the  antiferromagnetic  coupling  strength  for  an  even  number  of  Cr(001)  ML.  Our 
results  for  3  and  4  ML  of  Cr(001)  are  in  agreement  with  this  prediction.  However,  for 
interlayers  having  a  thickness  equiil  to  or  greater  than  5  ML  we  find  that  the  maxima  in 
antiferromagnetic  coupling  strength  occurs  for  an  odd  number  of  Cr  ML.  This  phase  is 
opposite  to  that  predicted  by  the  firat  principles  calculations,  and  thetefcae  the  first  phase  slip 
occurs  for  a  thickness  between  4  and  5  ML. 

Zhu-Pei  Shi  et  al  [7],  using  a  coupling  scheme  based  on  the  interface  hybridization  of 
magnetic  and  interlayer  electron  states,  predicted  an  AFM  coupling  for  Fe(OOl)  layers 
separated  by  CrfOOl)  thicknesses  between  4  and  12  ML.  The  phase  of  their  short  wavelength 
oscillations  agrees  with  the  phase  of  our  measurements  for  Cr  interlayers  thinner  than  lOML. 
However,  the  calculations  predict  a  maximum  AFM  coupling  for  7ML  of  Cr,  whereas  we 
observe  a  maximum  AFM  coupling  for  1 IML  of  Cr.  The  calculations  of  Hiu-Pei  Shi  et  al  [7] 
predict  a  strong  FM  coupling  for  Cr  interlayers  thinner  than  4ML.  Our  results  show  that  the 
measured  crossover  to  FM  coupling  is  more  gradual  than  that  predicted  by  their  calculations 
and  therefore  our  results  are  very  likely  unaffected  by  structural  imperfections  even  in  a  Cr 
layer  only  a  few  monolayers  thick. 

There  is  a  similarity  between  our  total  exchange  coupling  (J1-2J2)  measured  at  room 
temperature  and  the  total  exchange  coupling  measured  by  Griinberg  et  al  [6]  measured  at  raised 
temperatures,  T=443  K.  However,  the  phase  of  die  short-period  oscillations  on  wedged 
samples  [6]  exhibited  extrema  in  the  exchange  coupling  at  a  non-integral  number  of  ML.  The 
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maximum  amplitude  of  the  short-period  oscillations  in  the  measurements  of  Grtinberg  et  al  |6| 
was  observed  for  a  Cr  thickness  of  approximately  5-6  ML,  whereas  in  our  measurements  a 
maximum  amplitude  was  observed  at  9-13  ML.  The  strength  of  the  exchange  coupling  was 
found  to  be  comparable  in  both  studies,  Jmax'l  ergs/cm^.  The  measured  values  of  the  exchange 
coupling  were  significantly  weaker  than  those  predicted  by  first  principles  calculations,  J~40 
ergs/cm^  {IS].  It  is  unlikely  that  in  our  high  quality  samples  this  difference  was  caused  by 
surface  roughness. 

The  interface  rougness  affects  very  strongly  the  measured  values  of  the  exchange 
coupling.  We  found  that  in  samples  with  a  partially  filled  last  atomic  layer  (away  from  a 
RHEED  intensity  maximum),  but  with  an  otherwise  propwly  grown  Cr  layer,  the  measured 
exchange  coupling  was  changed  by  a  noticeable  contribution  [5].  It  is  also  interesting  to 
note  that  in  samples  with  the  Cr  layer  grown  at  too  high  a  substrate  temperature  (see  Fig.la,lb) 
the  exchange  coupling  can  even  change  its  sign.  E.g.  samples  with  13  ML  of  Cr  which  were 
grown  at  too  high  a  substrate  temperature  showed  FM  coupling.  In  wedged  samples  a  wide 
range  of  interfaces  is  present;  it  is  ^fficult  to  identify  the  regions  which  correspond  to  the  best 
available  interfaces.  It  is  therefore  difficult  to  determine  the  intrinsic  exchange  coupling  for  an 
integral  number  of  ML  using  a  wedged  sample. 

Unfortunately  no  simple  analysis  can  be  used  to  deduce  the  strength  of  the  exchange 
coupling  in  the  case  in  which  the  coupling  is  very  weak  or  is  ferromagnetic.  We  hope  that  an 
analysis  of  the  BLS  scattering  intensity  along  the  lines  of  the  calculation  repcmed  Camley 
and  Mills  (16]  can  be  used  to  estimate  the  FM  coupling  strength. 
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ABSTRACT 

We  investigated  the  magnetization  behavior  of  ((Co/Pd)4-Ru]i  samples  with  perpendicular 
anisotropy  and  a  limited  number  of  repetitions  (x  =  t,..,22).  In  th^  systems  the  Co/Pd 
multilayers  behave  as  single  magnetic  entities.  A  detailed  aiudysis  and  comparison  of  the 
magnetization  curves  observed  by  MOKE  and  VSM  permits  us  to  observe  the  magnetization 
reversal  and  hysteresis  of  the  individual  layers  and  to  determine  the  antiferromagnetic  coupling 
J  between  each  pair  of  layers.  A  gradual  increase  in ,/  is  observed  in  all  samples  when  going 
from  the  bottom  layer  to  the  top  layer.  Mag^oresistance  curves  show  the  same  sharp 
transitions  as  the  magnetization  curves.  A  clear  distinction  can  be  made  between  an  outer  layer 
and  an  inner  layer.  These  results  will  be  compared  with  riKxld  calculations. 

INTRODUCTION 

The  last  few  years  magn^ic  multilayer ;  have  been  the  subject  of  intensive  investigation. 
Especially  a  large  (perpendicular)  anisotropy,  an  oscillating  exchange  coupling  and  a  giant 
magnetoresistance  have  attracted  much  attention  [1,2,3].  Values  for  anisotropy  (K)  and 
exchange  coupling  (J)  are  often  determined  from  transition  and/or  saturation  fields  of 
magnetization  curves.  However  this  determination  is  not  a  trivial  calculation. 

Calculations  of  the  mapetization  [4,5]  and  ma^etoresistance  [5]  for  a  sandwich  containing 
two  AF-coupled  magnetic  layers  with  uniaxial  anisotropy  have  b^  performed  in  two  limiting 
cases.  In  one  case  the  ^stem  is  always  in  a  state  of  ^solute  minimum  energy.  In  the  other 
case  the  system  finds  itself  in  a  local  energy  minimum  due  to  anisotropy  induced  energy 
barriers. 

Measurements  on  these  systems  however  show  a  wide  variety  of  magnetization  curves  lying 
between  the  two  limiting  curves  [6,7].  It  is  believed  that  the  exact  shape  of  the  magnetization 
curve  is  determined  by  microscopic  phenomena  such  as  local  anisotropy  fluctuations  and 
pinholes.  Therefore,  the  derived  equations  for  the  limiting  cases  are  not  applicable.  In  the  case 
of  a  multilayer  also  the  number  of  rep«i'  ons  can  play  a  crucial  role. 

To  gain  more  insight  in  the  nu^gnetic  behavior  of  these  systems  we  have  grown  a  series  of 
multilayers  with  perpendicular  anisotropy  and  AF-couphng.  The  number  of  layers  was  varied 
between  1  and  22.  Magnetization  loops  have  been  measured  with  the  Magneto  Optical  Kerr 
Effect  (MOKE)  as  well  as  Vibrating  Sample  Magnetometer  (VSM).  Magnetoresistance 
measurements  have  been  p^ormed  at  room  temperature  and  at  low  temperature.  A  detailed 
investigation  of  the  m^etization  and  magnetoresistance  effect  leads  to  an  analysis  in  which  it 
is  possible  to  distinguish  between  the  magnetization  reversal  and  hysteresis  of  the  individual 
layers.  The  measurements  will  be  compart  with  theory. 

EXPERIMENTAL 

The  multilayers  were  composed  of  200 ARu  +  N»(M+8ARu)  +  22ARu.  Here  M  is  a 
magnetic  layer  composed  of  M=2ACo+4*(3ACo+6APd)+5ACo.  The  number  of  repetitions, 

N,  varied  from  1  to  22.  All  samples  were  prepared  at  Philips  Research  Laboratories.  The 
multilayers  were  deposited  at  room  temperature  on  oxidized  silicon  substrates  by  three  source 
HV-m^gnetron  sputtering.  Prior  to  the  baselayer  growth  the  substrates  were  given  30  min. 
glow-discharge  treatment.  The  sputtering  occurred  at  a  background  pressure  of  7-10-’  Torr. 
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Before  sputtering  the  sputtering  chandler  was  evacuated  to  4- 10-''  Torr.  The  sputtering  rates 
for  Ru,  Co  and  Pd  were  1,2,  a^  3A/s  respr^vely. 

The  magnetic  layers  M  act  as  ferromagnetic  layers  with  a  large  perpendicular  anisotropy.  To 
achieve  this  we  composed  each  magnetic  layer  of  strongly  ferromagnetically  coupled  Co¬ 
layers  using  (3ACo+dAPd)  as  magnetic  building  blocks.  The  use  of  $u^  a  multilayer  instead 
of  a  single  Co-layer  provides  a  larger  magnetic  moment  with  conservation  of  a  (large) 
perpendicular  anisotropy.  Such  a  system  has  b^  used  successfully  by  Bloemen  et  al.  [6]. 

To  assure  large  AF-coupling  we  chose  a  spi^  layer  of  SA  Ru.  For  this  Ru-thickn^s  the 
coupling  between  two  Co-layers  displays  a  maximum  [8]. 

RESULTS 

Fig.  1  shows  magnetoresistance  measurements  as  well  as  magnetization  loops  obtained  with 
VSM  and  MOKE  as  a  function  of  applied  field  for  N=2,4  and  7.  In  all  the  measurements  the 
field  was  applied  normal  to  the  film  plane,  along  the  ea^  axis.  Each  transition  shown  in  Fig.  1 
corresponds  to  the  magnetization  revefW  of  an  individual  layer.  For  a  gven  N  all  the 
measurements  show  the  same  transitions. 

The  bilayer  (N=2)  clearly  shows  a  spin-flip  transition.  This  behavior  indicates  that  there  is 
indeed  antiferromagnetic  (AF)  coupling  between  the  magnetic  layers.  It  indicates  also  that  the 
magnetic  anisotropy  is  larger  than  the  exchange  coupling  -J  (AF-coupling  corresponds  to  y< 
0).  If  this  were  not  the  case  one  would  rather  expect  a  spm-flop  transition  than  a  spin-flip  [4]  . 

Note  that  the  Kerr-rotation  is  more  senshrve  to  layers  closer  to  the  surface  due  to  the  finite 
penetration  depth  of  the  light.  As  a  result  the  Kerr-signal  at  low  fields  (state  with  AF- 
alignment)  is  non  zero.  This  enables  us  in  some  cases  to  determine  the  magnetization  direction 
of  a  layer.  For  instance,  if  we  consider  the  bilayer  we  can  see  that  the  magnetization  direction 
of  the  lower  layer  always  reverses  first  as  the  Kerr-rotation  does  not  change  in  sign  when 
going  from  saturation  to  AF-alignment.  This  is  indicated  by  the  arrows  in  Fig.  I . 

In  the  case  of  4  magnetic  layers  the  magnetization  loops  display  4  transitions  between 
negative  and  positive  saturation.  For  the  Kerr-loop  the  change  in  Kerr-rotation  is  different  for 
each  transition.  This  difference  enables  us  a^in  to  determine  which  magnetic  layer  reverses 
the  direction  of  its  magnetization  at  that  transition.  If  we  number  the  layers  in  the  sequence  as 
they  are  grown  (first  grown  layer  -  layer  I),  the  first  transition  when  the  field  is  decreased 
fi-om  saturation  is  a  magnetization  reversal  of  layer  3  (fi-om  tTtt  to  Tltt).  Equivalently  the 
second  transition  corresponds  to  a  reversal  of  layer  1  (TiTt  to  titi),  the  third  transition, 
which  presents  the  largest  step,  corresponds  with  layer  four  (  Titi  to  iiti)  and  the  fourth 
transition  with  layer  2  (iiti  to  iiii). 

When  the  number  of  layers  increases,  the  MOKE-loops,  which  are  insensitive  to  the  lower 
layers,  display  less  transitions  than  the  VSM  and  magnetoresistance  measurements.  Therefore 
it  is  no  longer  possible  to  establish  the  exact  order  in  which  the  layers  reverse  their 
magnetization  direction.  However,  from  VSM  and  MR  measurements  it  is  clear  that  the  layers 
still  reverse  one  by  one.  As  far  as  we  can  see  from  the  MOKE-loops  the  sequence  in  which  the 
layers  reverse  their  magnetization  direction  is  always  the  same.  Using  the  same  numbering  as 
above,  the  sequence  in  which  the  layers  reverse  their  magnetization  direction  is.  N-1,N- 
3,...,3,1,N,2,4,  ..,N-2  for  N  is  even  and  N-1,N-3,...2,1,N,3,5,  ,N-2  for  N  is  odd  This  is 
consistent  with  the  MR-curves  since  the  smallest  changes  in  MR  (around  the  origin)  then 
correspond  to  the  reversal  of  the  outer  layers.  We  will  return  to  this  in  the  discussion. 

DISCUSSION 

From  the  fact  that  within  one  sample  each  individual  layer  reverses  its  magnetization 
direction  at  a  different  field  we  can  d^uce  that  the  layers  are  not  all  identical.  For  all  the 
samples  the  sequence  in  which  the  layers  reverse  their  magnetization  direction  is  always  the 
same.  Starting  from  saturation  and  decreasing  the  field,  the  first  layer  to  reverse  its 
magnetization  direction  will  be  the  layer  which  is  AF-coupled  most  stron^y  to  its  neighbors. 
For  N  ^  3  this  will  always  be  an  inner  layer  for  such  a  layer  is  coupled  with  two  neighbors 
whereas  an  outer  layer  only  has  one  magnetic  neighbor. 

Since  the  layers  tdways  start  to  reverse  from  the  top  apparently  the  top  layers  are  coupled 
more  strongly  than  the  bottom  layers.  The  fact  that  the  tottom  layers  are  coupled  differently 
from  the  top  layers  has  also  been  measured  for  Fe/Si  multilayers  [9].  This  could  be  due  to  an 
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improvement  of  texture  as  is  reported  for  Co/Pt  multilayers  [10]  Another  possible  explanation 
would  be  that  the  internees  grow  flatter  when  the  number  of  Uyers  increases.  Because  of 
thickness  variations  of  the  spacer  layer  the  coupling  between  the  layers  closest  to  the  substrate 
would  not  reach  the  maximum  value.  This  reduction  of  the  roughness  when  the  number  of 
layers  increases  is  also  indicated  by  the  increase  of  anisotropy  of  the  Co/Pd  layers  measured  in 
these  samples  with  a  capacitive  torque  magnetometer.  This  increase  with  rou^y  a  factor  of  3 
can  be  understood,  according  to  Bruno  [11],  by  assuming  an  increase  ofla/L  (where  2a  is  the 
height  and  L  the  width  of  the  terraces)  with  a  ^or  of  2. 

DetermiruUion  of  a  value  for  the  exchange  coupling  is  not  trivial.  As  mentioned  above  we 
are  not  in  one  of  the  two  limiting  cases  of  absolute  mmimum  energy  or  local  energy  minimum 
due  to  anisotropy  induced  energy  barriers.  Thus  the  formulas  for  these  cases  derived  by  Dieny 
et  al.  and  Folketts  [4,S]  are  not  valid  in  this  case.  Therefore  we  write  the  energy  of  the 
multilayers  as: 


E  =  COS0,  - X/  cos  ( -  e,., )  ( 1 ) 

1=1  i=i 

Here  t,  is  the  thickness  of  layer  i  and  6,  is  the  angle  between  the  magnetization  direction  of 
layer  i  and  the  easy  axis  (normal  to  the  film  plane).  We  now  assume  that  a  layer  will  reverse  its 
magnetization  dir^on  whenever  the  energy  difference  between  initial  and  final  ^te  is  large 
enough  to  surmoimt  a  coercive  force  Hf~:  According  to  this  model  the 

transition  field  Hpfor  an  inner  layer  i,  when  the  fidd  is  decrease  from  saturation,  is  given  by 


-Hr 


(2) 


where  J,  is  the  exchange  coupling  between  layer  i  and  layer  /  + 1 .  For  an  outer  layer  this  field 
is 


(■*> 


Starting  fi’om  the  antiferromagnetic  situation  the  coercive  field  should  be  added  instead  of 
subtracted. 

Values  for  the  exchange  coupling  can  now  be  found  by  averaging  two  magnetization 
reversal  transition  fields  of  the  same  magnetic  layer.  This  can  be  accomplished  by  reversing  the 
field  course  after  a  magnetization  reversal  until  the  magnetic  layer  reverses  ag^n.  This 
procedure  is  shown  in  Fig.  2.  The  sequence  of  the  successive  transitions  is  indicated  by 
nunAers  in  the  figure.  For  this  particular  sample  (N=4)  the  increase  of  J  foUowing  from  the 
averaging  amounts  24%. 
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Fig.  2:  Kerr  rotation  as  a 
Junction  of  applied field 
for  the  sample  with  4 
magnetic  layers.  The  field 
course  was  reversed  after 
each  transition.  The 
sequence  of  the  successive 
transitions  is  indicated 
by  numbers. 
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The  magnetorenstance  displays  a  amilar  seqiMiice  of  transitions  as  observed  by  VSM  and 
MOKE.  It  i^tpears  that  all  transitions  give  rise  to  an  equal  change  in  MR,  except  for  the 
change  of  MR  due  to  the  reversal  of  an  outer  lay^  which  is  systematically  sinaller  (roughly  a 
factor  2)  than  all  the  others.  As  we  are  dealing  with  transitions  between  well  defiited 
configurations  as  pointed  out  before,  we  are  tempted  to  explain  this  interesting  phenomenon 
first  by  a  very  simple  resistor  network. 

With  such  a  network,  introduced  by  Edwards  et  al.  [12],  it  was  possible  to  predict  the  giant 
MR  as  well  as  the  dampiiM  of  the  effect  with  increasing  ^cer  thickness.  However,  the  model 
was  designed  essentially  for  a  mean  fi-ee  path  much  longer  than  the  layer  thickn^ses  which 
justifies  an  averaging  of  resistivities  in  the  up-  and  down  electron  channels.  This  means 
implicitly  that  one  can  never  discern  betweoi  the  magnetization  reversal  of  an  inner  layer  or 
one  of  the  outer  layers. 

For  this  reason  we  have  developed  an  ahemative  resstor  model,  in  which  the  multilayer  is 
represented  by  N-1  resistors  in  parallel,  each  resistor  representing  a  bilayer  of  two  half 
magnetic  layers.  The  parallel  and  antiparallel  configuration  of  the  bilayer's  magnetization 
relates  to  a  difference  in  resistance  due  to  the  spin-dependent  scattering  mechanism.  A  similar 
procedure  has  been  used  by  Dieny  et  al.  to  account  for  the  shuming  of  the  ‘nonactive'  part  of  a 
magnetic  layer  in  a  magnetically  soft  sandwich  [13].  It  should  be  emphasized  that  in  our  model 
an  outer  layer  is  a  part  of  only  one  sandwich  resistor,  whereas  an  inner  layer  is  incorporated 
into  two  resistors.  In  other  words,  due  to  a  reversal  of  an  outer-layer  magnetization  a  mobile 
electron  experiences  only  once  a  change  in  M,  whereas  a  double  clmge  is  seen  when  an  inner 
layer  changes  its  magnetization.  In  Fig.  3  the  data  for  are  shown  together  with  results  of 
the  paralld-resistor  model.  The  relative  changes  in  MR,  and  in  particular  the  exclusive  role  of 
the  outer  layer,  is  very  well  recovered  with  a  set  of  parameters  applicable  for  all  N,  which  is 
shown  in  the  fit  of  the  total  MR  in  fig  3c. 

To  substantiate  the  parallel-resistor  model  introduced  above  we  have  solved  the  Boltzmann 
transport  equation  (see  Camley  et  al.[14])  numerically  for  a  limited  number  of  magnetic  layers 
The  basic  features  of  the  calculations  are  as  follows  (details  will  be  published  separately  [15]): 
(i)  The  raise  of  the  total  MR  with  increasing  N  can,  in  principle,  it  explained,  which  is  not 
unique  for  the  present  systems.  A  similar  calculation  was  applied  to  e  g.  Fe/Cr  multilayers  with 
limited  N  [16].  ^ii)  The  magnetization  reversal  of  inner  layers  exhibits  minor  differences  due  to 
the  asymmetp'  introduced  by  the  presence  of  the  base  layer;  however,  when  an  outer  layer 
reverses  its  sign  the  change  in  MR  is  substantially  smaller  and  a  similar  fit  to  the  data  obtaincxi 
by  the  resistor  model  can  be  obtained. 

It  should  be  emphasized  that,  to  our  knowledge,  the  decisive  role  of  the  position  of  a 
magnetic  layer  within  the  multilayered  structure  for  the  size  of  the  relative  MR  has  never  been 
recognized  so  far  and  might  be  a  general  phenomenon  in  layered  systems.  However,  we  should 
realize  that  the  applied  Boltzmann  transport  equation  assumes  no  spin-flip  processes,  which  is 
a  T  =  0  approximation.  In  this  respect,  we  have  performed  MR  measurements  at  temperatures 


Fig.  3:  aj  and  h)  data  and  model 
calculations  resp.  of  the  relative 
change  in  MR  obtained  for 
perpendicular  fields  at  T=300K 
for  the  sample  with  6  magnetic 
layers;  c)  (•,  line!)  total 
magnetoresistance;  (■,  line 
/)  relative  change  in  MR  due  to 
the  reversal  of  an  outer  magnetic 
layer;)  (♦,  line!)  relative  change 
in  MR  due  to  the  reversal  of  an 
inner  magnetic  layer.  Lines  are 
fits  obtained  with  the  parallel 
resistor  model. 
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down  to  T  =  4  K.  Except  for  the  increasing  magnitude  of  the  MR  at  lower  temperatures,  there 
is  no  visible  effect  on  the  relative  MR  chan^  for  inner  and  outer  layers.  Appvently,  even  at 
room-temperature  the  spin-flip  scattering  wi^h  is  still  large  enou^  to  justify  the  present 
description  of  the  observed  transport  effects. 

CONCLUSIONS 

We  have  measured  the  magnetization  and  m^netoresistance  of  [(Co/Pdj^Ruju  multilayers 
All  the  measurements  show  sharp  transitions  corresponding  to  the  m^etization  revers^  of 
the  individual  layers.  This  enables  us  to  determine  tlw  exchange  coupling  J  between  each  pair 
of  layers. ,/ increases  when  the  number  of  layers  increases.  In  the  MR-curves,  in  combination 
with  the  MOKE-loops,  we  can  clearly  distinguish  between  the  reversal  of  an  outer  layer  or  an 
inner  layer.  This  fiict  as  well  as  the  N-dependence  of  the  MR  can  be  described  with  a  simple 
resistor  model. 
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ABSTRACT 

We  present  small  angle  neutron  scattering  experiments  on  (001)  Fc/Ir  superiaitices.  A  short 
period  oscillated  coupling  is  observed.  However,  antiferro  and  ferromagnetic  peaks  are 
simultaneously  measured  on  neutron  diagram,  which  cannot  be  simply  explained.  A  biquadratic 
coupling  model  is  proposed  to  account  for  this  behaviour. 


INTRODUCTION; 


One  of  the  most  interesting  problem  in  the  field  of  magnetic  multilayers  is  the  existence  of 
the  interlayer  coupling  through  the  nonmagnetic  spacer.  The  coupling  is  antiferromagnetic  in 
certain  cases’’^^  and  is  responsible  of  the  so  called  giant  magnetoresistance  effect^^.  Recently, 
P.  Griinberg  and  his  group*  have  proposed  a  second  type  of  coupling,  the  biquadratic 
coupling,  which  leads  to  a  perpendicular  orientation  of  the  magnetic  moment.  J.  Slonscewski^ 
gives  a  possible  explanation  of  this  coupling  based  on  interface  defects  like  steps.  Another  type 
of  defect  can  also  lead  to  this  kind  of  frustration  and  to  biquadratic  coupling:  the  existence  of 
pin  holes  which  couples  ferromagneticaly  the  layers  at  some  localized  sites".  However,  more 
general  mechanisms  may  lead  to  such  a  biquadratic  coupling  but  it  has  to  be  detected  in  new 
systems.  Neutron  scattering  is  the  most  general  tool  to  test  the  magnetic  structure  and  to 
determine  the  nature  of  the  coupling.  In  that  way,  the  Fe/Ir  system  is  a  very  good  candidate 
since  the  products  of  the  neutron  scattering  length  b,  by  the  atomic  density  n  is  similar  in  these 
two  metals;  bn=7.5  10  ”cm'^  for  Ir  and  bn=8.1  10’®cm‘^  for  normal  BCC  iron  (in  our  ea.se 
iron  is  slightly  expanded  and  these  two  parameters  become  even  closer).  The  nuclear  contrast  is 
therefore  very  weak  and  only  the  magnetic  scattering  is  measured.  The  paper  is  divided  in  two 
parts  :  the  first  one  describes  the  experimental  results  and  the  second  one  discusses  the  results 
in  the  framework  of  a  simple  kinematical  approximation. 


EXPERIMENTAL  RESULTS: 

The  neutron  experiments  are  performed  on  a  series  of  tr/Fc  monocrystallinc  superlattices 
prepared  by  Molecular  Beam  Epitaxy  (MBE)  on  (100)  MgO*  substrates.  The  structure  and 
growth  of  these  superlattices  are  described  elsewhere*  but  we  can  shortly  summarize  them.  The 
Fe  growth  on  (100)  FCC  Ir  is  pseudomorphic  in  the  plane  of  the  growth  up  to  4  atomic  layers. 
The  bulk  structure  of  Fe  in  these  superlattices  is  BCT  (body  centered  tetragonal)  and  Fe  is  thus 
not  magnetic  at  room  temperature^.  However  for  iron  thicknesses  greater  than  5  monolayers  we 
can  get  non  matched  epitaxy  between  (100)  BCC  Fe  and  FCCfKX))  Ir.  The  cristalline  quality 
of  these  supelattices  is  not  as  good  as  in  the  pseudomorphic  case  but  the  magnetic  moments  of 
Fe  layers  are  thus  large  at  room  temperai are  (close  to  the  bcc  Fe  one)*.  The  magnetization  is  in 
the  plane  of  the  Fe  layers*.  Naturally,  the  neutron  scattering  experiments  are  carried  on  this 
kind  of  superlattices  in  this  study.  The  iridium  thickness  was  varied  between  1.5  and  24A.  The 
number  of  bilayers  is  typically  20  with  a  total  sample  thickness  between  300A  and  lOOOA. 

The  neutron  diffraction  experiments  are  performed  at  the  Leon  Brillouin  laboratory  in  Saclay 
using  the  triple  axis  G  4  3  spectrometer.  Tlie  small  angle  experiments  ate  carried  out  with  an 
incident  wave  vector  of  1.4A‘‘  selected  by  a  PG  monochromator.  The  PG  analyzer  is  set  at 
zero  energy  transfer  to  reduce  the  inelastic  background.  The  experiments  are  carried  out  at  room 
temperature  with  unpolarized  neutrons  at  small  angles. 


Mat.  Raa.  Sac.  Symp.  Proc.  Vol.  313.  «13S3  Matartala  Raaaarch  Society 


136 


LogI 

3  5 

3 

2  S 

2 

1.5 

"’o  05  >  .5 

Fipure  1:  Neutron  spectra  for  three  typical  samples. 
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Figure  2:  R  =  i - ; -  plot  versus  the  iridium  thickness. 
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The  full  curve  is  a  cosine  fonction  with  a  period  of  3.5A. 


Some  typical  spectra  are  presented  in  figure  I.  One  can  see,  for  the  sample  a,  that  only  a 
single  peak  is  present  at  the  antiferromagnetic  position:  qA=)t.  The  sample  b  exhibits  a  single 
peak  at  the  ferromagnetic  position  qA=27i.  By  contrast,  we  observe  peaks  on  both  positions  on 
the  sample  c.  We  thus  record  long  time  spectra  around  the  antiferromagnetic  (AF)  and 
ferromagnetic  (F)  peaks  for  all  the  samples  in  order  to  have  a  good  signal  to  noise  ratio.  The 
figure  2  gives  the  F  and  AF  peaks  inie.isiiy  ratio  R  defined  as: 


R  = 


*F  ~  ‘aF 
*F  *AF 


(1) 
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This  figure  clearly  shows  that  the  period  of  the  AF  coupling  is  very  short :  for  Ir  thiknesses 
varying  from  1 .5  to  7 A,  an  AF,  F,  AF.  F  coupling  sequence  is  actually  observed  Therefore,  in 
order  to  describe  a  well  define  R  curve,  a  precise  control  of  the  Ir  thickness  (less  than  O.sA) 
from  one  superlattice  to  another  is  needed.  Moreover,  a  large  number  of  samples  is  necessary 
to  describe  all  the  AF  and  F  oscillations  (which  represents  a  lot  of  work  to  prepare  them  by 
MBE  and  characterize  them  by  neutrons!).  Indeed,  the  and  Sib  oscillations  of  the  AF 
coupling  are  not  described.  However,  even  if  it  is  not  possible  to  reach  an  accuracy  on  the  Ir 
thickness  (evaporated  by  an  e-gun)  better  than  ±  5%,  it  is  possible  to  estimate  a  period  of  the 
oscillating  coupling  around  3.5A.  This  period  is  estimated  at  low  Ir  thicknesses  where  the 
accuracy  is  the  smallest  one.  Above  lOA,  nothing  can  be  said  since  the  incertaincy  on  Ir 
thicknesses  is  too  large,  even  if  the  cosine  law  of  figure  2  correctly  describes  the  experimental 
result.  This  short  period  is  close  to  two  Ir  planes  thickness,  which  suggest  an  exact  AF 
coupling  in  Ir. 

However,  it  should  be  noted  that  both  AF  and  F  peaks  appear  on  neutron  diagram  for  7 
samples.  This  result  may  be  explained  by  the  coexistence  of  Af  and  F  coupling  in  the  same 
superlattice,  due  to  a  thickness  variation  for  example.  In  that  case,  the  determination  of  the 
coupling  period  becomes  unaccurate.  However,  we  demonstrate  in  the  following  discussion 
that  thicknesses  variations  cannot  explain  this  result.  A  biquadratic  coupling  assisted  by  a 
second  layer  interaction  has  thus  to  be  taken  into  account. 


DISCUSSION; 

The  elastic  magnetic  differential  cross  section  of  neutron  scattering  in  the  kinematical 
approximation  can  be  writen  as'”: 

do  0  k' 

^  =  (Vro)^-k  2a^5ap-nanp)<Q+Qp>  (2) 

aP 

Where  Q  =  |M(r)  exp  iqr  dr  is  the  Fourier  transform  of  the  magnetization  M(r),  n  is  a 
unit  vector  parallel  to  the  diffusion  vector  q=k-k'.  In  the  Bragg  geometry,  q=qu^  where  u  is 
the  unit  vector  perpendicular  to  the  layer  plane.  Moreover,  the  geometrical  factor  is  unity  in  mis 
case,  since  the  magnetization  is  in  the  layer  plane,  i.e.  perpendicular  to  the  diffusion  vector  q. 

layers 
angle 


IVI^(r)  =  M|^(r)(vcos<l)jj+wsin0^)  (3) 

Where  M  (r)  is  a  scalar  function  of  r.  The  next  assumption  is  that  Mn(r)  is  independent  of 
n,  supported  oy  the  fact  that  the  error  on  Fe  thickness  is  much  smaller  than  Ir  one,  since  Fe  is 
evaporated  using  a  Knudsen  cell.  This  means  that  the  coupling  through  the  non  magnetic  spacer 
do  not  modify  the  band  structure  of  the  different  sites  of  the  ferromagnetic  layer  and  the 
absolute  value  of  the  magnetization.  The  neutron  intensity  can  thus  be  written  as  : 

N-1 

I  ~  Mg2 1  fj^agiq)  I  ^  (N+2^(N-n)<cos(a^)>cos(nqA))  (4) 

n=l 

Where  is  a  scalar  magnetic  form  factor  for  an  individual  layer  and  =  <!>n+m'*^m 

is  the  angle  between  the  magnetization  in  two  layers  separated  by  nA.  The  mean  value  concert 
the  distribution  of  0  .  N  is  the  number  of  magnetic  layers.  Let  now  write  the  general 
magnetization  energy  of  the  superlattice  without  magnetic  field  E,  taking  into  .account  the  direct 
coupling  (J),  a  second  layer  interaction  (T),  and  a  biquadratic  coupling  (B) : 


The  total  magnetization  M(r)  is  the  sum  of  the  magnetization  of  individual  magnetic 
i.ijdr).  Lei  now  define  an  arbitrary  (v,w)  reference  in  the  plane  of  the  layers,  and  0^^  the 
of  me  magnetic  moment  M  (r)  with  v.  We  can  write  : 
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f: 


N-l 

E  =  25^(-JicosPi  -  Ji’cos(pi+Pi+l)  +  Bcos^Pi)  (5) 

i=I 

where  Pi  is  the  angle  between  the  magnetizations  of  the  i  and  i-*-l  layers.  Note  that  Pi  =  a] 
and  Pi+Pi+l=  a2  which  actually  describe  the  interaction  with  the  adjacent  and  second  layer 
respectively.  The  minimization  of  the  energy  thus  gives  : 

sinPi  (Ji  -  2BcosPi)  +  Ji’sin(Pi+Pi+i)  =  0  (6) 


Equations  (2)  to  (6)  thus  leads  to  several  cases  as  : 

1st  case  :  direct  F  coupling  :  Ji>0,  B=Ji’=0.  Pi=<)>n=«n=0.  We  thus  get  standard  neutron 
diagram  with  peaks  at  qA=2n7C. 

2nd  case  :  direct  AF  coupling  :  Ji<().  B=Ji’=0,  cosPi=-l,  cos(!)n=(-l)".  <cosan>=(-I)''. 
The  diffracted  peaks  are  thus  situated  at  qA=(2n+l))i. 

3rd  case  :  randomly  coupled  suoerlatiice  :  Ji>0  or  <0,  B=Ji’=0,  Pi=0  or  a  depending  on  the 
sign  of  Ji.  A  random  pi  distribution  can  be  expressed  as ; 

P(Pi)  =  p5(Pi)+(l-p)5(Pi-a)  (7) 

Where  p  is  the  probability  of  Jj>0.  One  can  calculate  the  distribution  of  Oj,  as”: 

Pn<“n)=Pn-|(“n-l>*P<“l> 

Where  *  means  convolution  product.  The  calculation  gives: 

<cos(a„)>  =  (2p-l)'’  (9) 

One  can  easily  see  that  this  gives  only  ferromagnetic  peaks  if  p>l/2  and  antiferromagneiic 
peaks  if  p<I/2  (the  intensities  and  the  positions  of  the  peaks  are  entirely  determined  by  the 
mean  value  of  Jj,  with  however  a  large  background  due  to  the  disorder). 

4th  case  :  biouadratic  coupling:  Ji’=0  but  B;<0 

a)  |J  I  >  2B.  The  only  solution  is  then:  sinPj  =  0.  The  lowest  energy  is  obtained  for 
Pj  =  0  if  J  >  0  (feiTomagnetic  solution)  or  for  Pp  n  if  J  <  0  (aniiferromagnetic  solution). 

b)  I J  I  <  2B.  Another  solution  is  possible: 

cosPi  =  ^  =  cosPq  (10) 

This  solution  is  the  most  stable  one  (if  B  positive).  TTiis  kind  of  solution  can  led  to  new  type 
of  neutrons  spectra  or  magnetization  curves.  However,  we  have  a  problem  with  equation  ( 10): 
the  sign  of  Pj  is  not  fixed  and  then  the  ground  state  is  degenerated  (multiple  equivalent 
solutions).  The  first  natural  idea  is  to  suppose  that  the  sign  of  P;  is  also  randomly  distributed 
with  equal  probability  to  be  equal  to  +Pq  or  -pQ.  The  angle  distrioution  is  then: 

P(Pj)  =  i(6(Pi-po)+5(pi+Po))  (11) 

And,  using  the  same  trick  as  equation  (8)  we  get: 
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<tos{aj,)>  =  cos"(Pq) 


(12) 


Qualitatively  this  equation  behaves  as  equation  (9)  and  leads  to  the  same  type  of  spectra: 
ferromagnetic  peaks  if  cos(Pq)  is  positive  (J>0)  and  antiferromagnetic  peaks  if  cos(P())  is 
negative  (J<0). 


5th  case  :  biquadratic  coupling  +  second  layer  interaction  :  there  is  then  two  simple  solutions: 
an  helicoidal  one  (Pj  =  Pj^  |  or  ^:+2=<t>i+2PQ)  and  a  fenomagnetic  one  (P;  =  -pj^.  |  or  <>j+2^i^' 
The  helicoidal  solution  is  stable  if  r  is  negative  (antiferromagnetic  secono  neighbor  interaction) 
while  the  ferromagnetic  one  is  stable  if  J’  is  positive  (in  the  case  of  predominant  biquadratic 
coupling,  i.e:  if  Pq  exists).  The  helicoidal  solution  allows  peaks  for  qA  =  oPq 
(<cos(o  )>=cos(npQ))  and  cannot  describes  the  experiments.  The  ferromagnetic  solution  gives 
<cos(ot|j5>=cos(PQ)  if  n  is  odd  or  <cos(ajj)>=l  if  n  is  even. 

One  calculated  spectrum  is  shown  in  figure  3  and  exhibits  ferromagnetic  and 
antiferromagnetic  peaks.  This  solution  is  the  only  one  tested  which  can  explain  our 
experiments.  The  intensities  of  the  peaks  at  qA=2rt  and  qA=K  are  respectively: 


l‘'Mag(X^I^  ^(l+cos(P())) 

!^(l-COS(P())) 


(13a) 

(13b) 


Then,  neutron  experiments  can  give  values  of  cos(Pq)  and  J/B. 

In  summary,  this  analysis  clearly  demonstrates  that  the  coexistence  of  both  AF  and  F 
diffraction  peaks  on  neutron  diagram  cannot  be  explained  by  thickness  errors  during  the 
synthesization  of  the  superlattice.  A  more  complicate  magnetic  energy  has  to  be  taken  into 
account  :  a  biquadratic  coupling  assisted  by  a  second  layer  interaction  is  thus  necessary  to 
describe  the  neutron  diagram. 


Figure  3  :  Calculated  spectrum  in  the  case  of  a  ferromagnetic  second  neighboors  interaction. 
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CONCLUSION: 

The  small  angles  neutron  scattering  experiments  clearly  show  the  alternative  existence  of 
ferromagnetic  and  antiferromagnetic  coupling  in  (1(10)  Fe/lr  superlattices.  On  the  one  hand,  a 
short  oscillating  period  of  around  2  Ir  atomic  planes  is  established  for  small  Ir  thicknesses.  For 
large  Ir  thicknesses,  the  oscillating  behaviour  is  not  so  clear,  which  can  be  attributed  to  the 
uncertainly  on  the  determination  of  Ir  thicknesses.  On  the  other  hand,  the  existence  of  both  AF 
and  F  peaks  on  neutron  diagram  cannot  be  explained  by  a  simple  alternative  coupling  due  to 
thicknesses  errors.  A  biquadratic  coupling  completed  by  some  second  layer  interacton  must  be 
taken  into  account  to  explain  this  result.  The  neutron  diagram  thus  allows  the  determination  of 
the  coupling  parameters  (J/B).  Using  equation  (6),  the  fit  of  the  hysteresis  loops  on  these 
samples  also  allows  a  determination  of  this  parameter  which  can  be  compared  to  neutron  one. 
This  work  is  in  p/ogress. 
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ABSTRACT 

We  have  searched  for  the  electronic  states  that  mediate  oscillatory  magnetic  cou¬ 
pling  in  supcrlattices.  and  have  found  strong  evidence  that  these  are  quantum  well 
states,  which  are  created  by  quantizing  the  momentum  of  s,p-band  states  perpen¬ 
dicular  to  the  interfaces.  The  quantum  well  picture  also  explains  how  quantum  well 
stales  in  noble  metals  become  spin-polarized,  due  to  a  spin-dependent  electron 
reflectivity  at  the  interface  with  the  fcrromagncl.  The  resulting  implications  for 
magnctoresistancc  arc  discussed. 

MAGNETIC  COUPLING  VIA  QUANTUM  WELL  STATES 

Magnetic  multilayers  have  become  very  popular  recently  since  they  exhibit  a  'gi¬ 
ant"  magnetorcsistance,  which  has  an  impact  on  the  development  of  magnetoresistive 
reading  heads  in  magnetic  storage.'''*  Here  we  explore  the  nature  of  the  electronic 
states  that  mediate  magnetic  coupling  across  a  non-magnctic  spacer  layer.  In  this 
first  section  we  will  provide  evidence  that  these  arc  quantum  well  stales,  confined  to 
the  spacer  layer  by  B-agg  rcllcction  at  the  interfaces.  In  the  second  section  the  im¬ 
plications  of  the  quantum  well  model  onto  magnctoresistancc  will  be  discussed,  in 
particular  the  spin  dcpcntlcnl  interface  reflccliviiy  that  is  a  natural  consequence  of 
the  moricl. 

One  of  the  strong  clues  of  a  connection  between  magnetic  coupling  and  quantum 
well  states  is  shown  in  Fig.  1.  It  compares  magnetic  oscillations’*  with  oscillations 
in  the  density  of  states  at  the  Fermi  level,  founrl  by  inverse  photocmission.'*"’  Both 
exhibit  the  same  periodicity  of  about  6  layers.  1  he  oscillations  in  the  density  of  states 
arc  due  to  thickness-dependent  quantum  well  states  crossing  the  Fermi  level,  as 
shown  in  Fig.  2.''''"  Here  wc  have  ploticrl  a  scries  of  inverse  photocmission  spectra, 
taken  for  Cu  films  on  fee  FcflOfl)  at  thickness  intervals  of  about  two  monolayers  (the 
exact  thickness  can  be  read  from  Fig.  I.  lop  curve).  These  spectra  represent  the 
density  of  unoccupied  electronic  stales  at  a  momentum  parallel  to  the  surface  k"  =  0. 
Compared  to  the  bulk  spectrum  of  Cu(U)O')  lop  wc  find  that  Vhe  s,p-band  continuum 
has  been  discretized  into  several  quantum  well  stales  in  the  thin  films.  This  is  exactly 
what  one  expects  theoretically,  as  shown  in  Fig.  3.  Looking  at  the  baml  structure  of 
CuflOO)  at  k''  =  ()  we  find  a  continuum  up  to  the  band  edge  at  X'4.  given  by  the 
Elk-*-)  dispersion  of  the  s.p-band  (line  in  Fig.  3,  bottom).  For  a  thin  film  this 
continuum  is  expected  to  split  up  into  a  number  of  discrete  states  (numbered  dots  in 
Fig.  3,  bottom).  This  effect  may  be  viewed  as  a  quantization  of  the  momentum  per¬ 
pendicular  to  the  film,  k  due  to  the  matching  comlilions  for  the  wnvcfunction  at  the 
confining  interfaces  (Fig.  3,  lop).  Roughly-speaking,  a  rliscrcle  number  of  half- 
periods  of  the  so-called  envelope  function"  has  to  fit  between  the  interfaces.  From 
this  picture  it  is  straightforwarri  to  qiialilalively  predict  the  movement  of  these  dis- 
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Fijg-  I  Comparison  of  magnetic  oscillations  from 
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Fig.  2  Inverse  pholoemissbn  specira  for  Cioftc  FedOO)  versus  thickness,  showine 
discrete  quantum  well  states  (numbered.  Ref.  10).  The  thickness  increments  arc 
about  2  layers  (sec  circles  in  the  curve  of  Fig.  I). 


Bulk  Cu(IOO) 


Fig.  3  Wavefunction  of  quantum  well  states,  consisting  of  a  fast-oscillating  Bloch 
function  from  the  nearest  band  edge  and  an  envelope  function.  The  latter  rlctcrmincs 
the  period  in  the  density-of-states  oscillations  in  Fig.  I.  Its  wavcvcctor  is  given  by  the 
distance  of  the  Fermi  wavevcctor  from  that  of  the  banri  edge. 


crcic  qu.intum  well  slates  with  film  thickness.  If  we  niimhet  the  slates  fioni  the  lop 
down,  as  done  in  Figs.  2  and  3.  we  find  that  all  the  states  appear  to  move  towards  the 
hanti  edge  at  X'4.  The  reason  is  that  the  number  of  discrete  quantum  well  stales  per 
banti  goes  up  as  the  number  of  layers  in  the  film,  Iheierorc  reducing  their  spacing. 
With  the  adopted  numbering  scheme  all  stales  will  have  a  tendency  of  moving  to¬ 
wards  the  upper  band  edge,  with  new  slates  appearing  at  the  bottom  of  the  band. 
As  these  states  cross  the  Fermi  level  w'ith  increasing  film  thickness  they  cause  the 
periodic  maxima  in  the  density  of  stales  that  are  shown  in  Fig.  I .  The  periodicity  of 
these  maxima  is  directly  related  to  the  Fermi  wave  vector,  as  indicated  in  Fig.  .3, 
bottom  (for  a  collection  of  the  rather  simple  formulas  relating  Fermi  surface  param- 
clcrs  to  quantum  well  state  energies  and  pcruxiicilics  sec  Ref.  10).  The  units  work 
out  such  that  a  pcritMl  of  6  layers  (as  in  Cu(l(K)))  corresponds  to  a  wavcvcctor  k,.,iv 
of  1/6  of  the  Brillouin  zone  boundary.  Thus,  the  uncxpccicd,  long  period  is  explained 
by  the  fact  that  the  Fermi  level  crossing  (>f  the  s,p-band  is  close  to  the  band  etige  at 
X,  which  is  the  origin  for  k„,„  in  the  quantum  well  piclurc."'  "  This  conclusion  is 
identical  with  the  results  of  RKKY  theory,  which  prcrlicls  that  the  oscillation  periiKl 
is  given  by  cxircmal  Fermi  suiface  spanning  vectors  perpendicular  to  the  interface.'* 
These  spanning  vectors  arc  exactly  twice  the  wavcxcctor  of  the  envelope  function, 
kjnv.  and  the  factor  of  two  reflects  the  fact  that  we  get  a  quantum  well  state  for  ever 
half-period  of  the  envelope  function.  A  path  fin  connecting  the  quantum  well  picture 
with  RKKY  and  similar  theories  has  been  pointed  out  in  Ref.  13.  Essentially,  one 
has  to  integrate  over  all  occupied  quantum  well  stales  and  minimize  the  total  energy. 
Quantum  well  states  that  cross  the  Fermi  level  with  changing  thickness  become  deci¬ 
sive  in  the  energy  balance. 

This  simple  quantum  well  model  is  consistent  with  the  magnetic  periodicities  anil 
with  RKKY  predictions  for  all  systems  where  data  on  quantum  well  states  and 
magnetic  oscillations  exist.  We  have  seen  quantum  well  states  at  the  Fermi  level  of 
Cu/fee  Co(IOO)  and  Cu/fee  Fc(l(K))  with  a  period  of  5.9  layers,  and  for  Ag/bcc 
Fc(l(K))  with  a  period  of  5  layers.  The  magnetic  oscillations  periods  reported^’*  for 
Cu/Co(IOO)  and  Cu/Fc(IOO)  in  the  fee  phase  arc  also  about  6  layers.  An  additional, 
shorter  period  of  2.6  layers  has  been  reported  on  one  occasion."  Both  pcrimls  arc  ex¬ 
pected  from  RKKY  theory,'^  the  long  one  from  slates  at  k*^  =  0,  the  short  one  from 
states  at  large  kl  In  our  quantum  well  state  picture  we  have  the  same  physics,  with 
quantum  well  states  at  k^'  =  0  giving  the  long  period,  and  quantum  well  states  at  large 
k*  the  short  period.'"  The  latter  arc  not  detected  in  our  measurement  geometry,  which 
is  restricted  to  k^' =  0.  Recent  magnetic  measurements  on  the  Ag/Fc(l00)  system'^ 
indicate  equally  as  good  an  agreement  with  the  quantum  well  state  oscillations  as  for 
Cu/Co(IO())  and  Cu/Fc(HH)).  Again,  there  is  a  long  period  (.3.7  layers)  and  a  short 
period  f'’  a  layers'  with  the  long  period  corresponding  to  the  quantum  well  .state  os¬ 
cillations  at  =  It.  The  situation  is  the  same  as  for  Cu(IOO)  spacers,  since  the  Fermi 
surfaces  of  Cu  and  Ag  are  similar  near  the  [100]  direction.  This  can  be  seen  from  the 
de  Haas  van  Alphen  Fermi  wave  vectors  of  0.827k/i)  for  Cu  and  0.819k7(,  for  Ag  ( 
k/n  is  the  wavcvcctor  of  the  Brillouin  zone  boundary  along  the  [100]  direction), 
which  give  rise  to  periods  of  1/(1-0.827)  =  ,3.8  layers  for  Cu(l(K))  and  1/(1—0.819) 
=  5.5  layers  for  Ag(IOO). 

An  important  property  of  quantum  well  .states  in  magnetic  multilayers  is  their 
spin-polarization.  As  explained  in  more  detail  elsewhere,’''"  quantum  well  states  be¬ 
come  spin-polarized  by  a  spin-dependent  electron  reflectivity  at  the  interface  to  the 
ferromagnet.  A  particularly  clear  case  is  Ag/bcc  Fc(IOO),  where  the  minority  spin 
quantum  well  states  in  the  Ag  film  arc  totally  reflected  at  the  interface  since  there  arc 
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no  states  of  the  same  symmetry  and  spin  available  in  the  Fc(IOO)  substrate.  The 
majority  spin  states  in  the  Ag  film,  on  the  other  hand,  are  able  to  propagate  across 
the  interface  into  bulk  slates  of  the  Fc  substrate,  and  therefore  do  not  become  quan¬ 
tized.  The  more  popular  Cu/fee  Co(l(K))  system  is  ntit  so  simple,  since  states  of  both 
spin  can  propagate  from  one  s,p-band  into  the  other  across  the  interface.  Band  cal¬ 
culations  of  the  spin-dependent  reflectivities  arc  required  in  this  case  to  obtain  the 
spin-polarization  of  the  observed  quantum  well  stales. 

After  observing  quantum  well  states  in  the  s,p-bands  of  noble  metal  spacer  layers 
the  question  arises  whether  or  not  the  d-bands  of  transition  metal  spacer  layers 
quantize  as  well.  In  RKKY  theory  they  should  contribute  and  add  extra  oscillation 
periods  to  the  s,p-likc  periodicities.  The  latter  arc  rather  uniform  across  the  periiHlic 
table  for  a  given  crystal  orientation,  which  might  explain  the  "universal"  periodicity 
of  about  lOA  seen  for  many  systems.'-'  In  the  quantum  well  picture  the  d-like  parts 
of  the  Fermi  surface  should  also  quantize,  but  the  energy  spacing  between  quantum 
well  states  is  going  to  be  smaller  (due  to  the  smaller  dispersion  of  d-bands),  and  their 
lifetime  broadening  is  increasing  (due  to  the  higher  density  of  states  available  for 
electron  hole  pair  formation).  Therefore,  adjacent  quantum  well  stales  may  merge 
into  a  bulk-like  continuum.  We  have  searched  for  d-like  quantum  well  systems  in  a 
variety  of  .systems  (Ru/Co(0()01),  Cr/Fc(IO())),  and  have  found  it  difficult  to  discern 


Energy  (eV)  Energy  (eV) 

Fig.  4  Inverse  photoemission  spectra  for  Cr/Fe(IOO)  grown  at  570K,  showing  the 
band  that  contributes  strongly  to  antiferromagnetic  coupling  (see  Fig.  .*)).  Quantum 
well  states  calculated  from  the  model  in  Ref.  10  with  estimated  phase  shifts'"'  are 
shown  as  thin  tickmarks.  For  the  difference  spectra  the  Fc  substrate  contribution  was 
subtracted,  using  an  attenuation  length  of  two  layers  that  fits  the  intensity  decay  at 
the  Fermi  level. 
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discrete  states.  The  main  problem  so  far  appears  to  be  not  the  fundamental  lifetime 
limit  outlined  above,  but  the  difficulty  in  producing  highly-pcrfect,  flat  films,  which 
arc  necessary  to  see  the  short  periodicities  expected  from  many  transition  metal  sys¬ 
tems.  As  an  example  we  show  data  from  Cr/Fc(IOO)  in  Fig.  4,  where  a  variety  of 
experiments  have  demonstrated  a  short,  two-layer  period  reminiscent  of 
antiferromagnetic  Cr.’^  This  periodicity  can  be  understood  in  the  quantum  well  pic¬ 
ture  in  a  fashion  very  similar  to  the  arguments'^  given  for  the  bulk 
antiferromagnetism  of  Cr  (Fig.  5,  Ref.  18).  There  is  a  pair  of  d-bands  that  give  nearly 
identical  wavevectors  k^v  for  the  envelope  wavefunctions  over  a  large  portion  of 
kff'Space.  The  kjnv  vectors  originate  in  this  case  from  the  band  minima  (dots  in  Fig. 
.S),  which  have  a  nearly  constant  spacing  from  the  corresponding  Fermi  level  crossings 
(lines  in  Fig.  5).  The  length  of  the  kev  vectors  is  about  half  of  the  Brillouin  zone 
boundary,  corresponding  to  a  two  layer  period.  Using  the  simple  mwlel  from  Ref. 
10  we  expect  majority  spin  quantum  well  states  at  the  fine  tick  marks  in  Fig.  4.'’  The 
inverse  photoemission  data  in  Fig.  4  show  only  a  single,  broad  peak  (fat  tickmarks). 
It  moves  upwards  with  increasing  Cr  thickness,  following  roughly  the  average  be¬ 
tween  the  first  and  second  calculated  quantum  well  slates.  The  upwards  movement 
towards  the  band  edge  ad  H'jj  is  analogous  to  the  result  for  Cu  /  fee  Fc(IOO)  in  Fig. 
2.  The  absence  of  higher  quantum  well  slates  in  Cr  /  bcc  Fc(lOO)  is  probably  due  to 
imperfections  in  the  Fc(IOO)  substrate  crystal,  which  lead  to  inhomogeneous  broad¬ 
ening.  Highly  perfect  Fc  whiskers  might  be  required  to  resolve  the  expected  quantum 
well  states,  similar  to  the  ones  used  in  the  experiments  that  showed  the  magnetic  os¬ 
cillations  so  clearly."’  Alternatively,  there  could  be  additional  quantum  well  states 
with  opposite  (minority)  spin  that  fill  in  between  the  majority  spin  states  in  Fig.  4. 


(100)- 


-0.5  0.0  0.5 

k^/G 

Fig.  5  A  portion  of  the  Fermi  surface  of  Cr  and  the  corresponding  bands  that  give  rise 
to  antiferromagnetic  coupling  (from  a  band  calculation  by  Stiles'").  In  the  quantum 
well  picture,  a  magnetic  oscillation  period  of  two  layers  corresponds  to  envelope  wave 
vectors  with  a  length  of  half  the  Brillouin  zone  boundary  momentum  (arrows). 
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MAGNETORESISTANCE 


While  the  magnetic  coupling  is  rather  straightforward  to  explain,  either  by  quan¬ 
tum  well  states  or  by  RKKY  theory,  the  magnctorcsistancc  is  a  much  more  complex 
phenomenon.  To  tackle  the  problem  in  its  full  generality  requires  some  20 
parameters, *  whose  microscopic  origin  is  .sometimes  difficult  to  pinpoint.  Instead  of 
treating  the  problem  fully  we  will  focus  on  phenomena  that  can  be  traced  directly  to 
the  electronic  structure.  In  particular,  we  will  explore  how  the  concept  of  quantum 
well  states  might  play  a  role  in  explaining  giant  magnetoresistancc.  The  geometry 
shown  in  Fig.  ft  is  that  of  a  typical  trilayer  structure.  For  simplifying  the  arguments, 
we  take  the  current  perpendicular  to  the  interfaces,  as  in  the  experiments  of  Ref.  21. 
This  differs  from  most  magnetoresistive  structures  used  to  date,  where  the  current 
runs  parallel  to  the  layers  in  order  to  avoid  extremely  low  resistances.  There  are  in¬ 
dications  that  the  perpendicular  geometry  reflects  the  effect  in  purer  form,  since  it 
exhibits  3  to  10  times  larger  magnetoresistancc  than  the  parallel  geometry  for  the 
same  combination  of  materials^'.  This  can  be  rationalized  by  noticing  that,  in  the 
parallel  geometry,  the  electrons  have  to  be  scattered  back  and  forth  between  the  two 
magnetic  layers  in  order  to  sample  their  relative  magnetizations,  while  they  arc  forced 
through  both  layers  in  the  perpendicular  geometry.  Therefore,  additional  parameters, 
such  as  interface  roughness  and  disorder  have  been  invoked  in  a  number  of  theories 
to  explain  magnctorcsistancc  in  the  parallel  geometry. 

Fig.  6  schematically  shows  a  bulk  and  an  interface  effect.  They  both  contribute 
to  magnetoresistancc,  but  they  may  not  be  the  whole  story.  The  bulk  effect  is  based 
on  the  shorter  mean  free  path  for  electrons  of  minority  spin  compared  to  majority 
spin  electrons  (dashed  versus  full  arrows  in  Fig.  ft).  In  a  spin  valve  structure,  where 
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Fig.  6  Two  possible  effects  contributing  to  the  giant  magnctorcsistancc  in  a  spin  valve. 
The  bulk  effect  is  based  on  the  shorter  mean  free  path  for  minority  spins,  the  inter¬ 
face  effect  is  caused  by  preferential  Bragg  reflection  of  minority  electrons  at  the 
interface. 
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two  magnetic  layers  arc  separated  by  a  non-magnctic  spacer,  an  unpolarizcd  cuiicnt 
becomes  polarized  in  the  majority  spin  direction  after  passing  the  first  layer,  because 
more  minority  spin  electrons  arc  absorbed  than  majority  spin  electrons.  The  second 
magnetic  layer  then  acts  as  an  analyzer,  suppressing  the  injected  current  if  it  is 
antiferromagnctically  coupled  and  transmitting  it  if  aligned  fcrromagnetically  by  an 
external  field.  Therefore  one  observes  a  reduction  of  the  resistance.  In  order  to 
achieve  maximum  spin-polarization  the  magnetic  material  has  to  be  as  thick  as  the 
mean  free  path  /!„,)„  of  minority  spin  electrons,  typically  in  the  MM)A  range^'.  The 
physics  of  the  shorter  mean  free  path  for  minority  spin  electrons  lies  in  their  band 
structure.  While  the  majority  spin  d-bands  arc  filled  in  feriomagnets,  such  as  Co  and 
Ni,  the  minority  spin  d-bands  straddle  the  Fermi  level  and  produce  a  high  density  of 
states  that  can  scatter  minority  spin  electrons  by  creating  electron-hole  pairs.  (Note 
that  we  assume  spin-conservation  in  the  scattering  priKcss.  i.c.,  the  spin-flip  scattering 
length  is  large  compared  to  all  the  length  scales  consklcred  here.)  The  majority  spin 
electrons  see  a  bandstructurc  akin  to  that  of  a  noble  metal,  w'ith  its  much  longer  mean 
free  path.  The  spin-dependent  mean  free  paths  result  in  typical  ratios  of  .^:l  for  the 
spin-dependent  bulk  resistances,  as  extracted  from  perpendicular  magnctorcsistancc 
measurements  in  multilayers.^'  F.vcn  at  the  vacuum  level,  i.c.  several  eV  above  the 
Fermi  level,  the  mean  ficc  path  is  still  aliout  20%  longer  for  majority  spins  than  mi¬ 
nority  spins^^. 

While  the  bulk  magnctorcsistancc  effect  is  due  to  the  spin  dependence  of  inelastic 
scattering,  the  interface  effect  shown  in  Fig.  6  involves  clastic  scattering.  Again,  the 
electron  current  is  first  polarized  by  the  first  magnetic  layer,  but  then  it  is  analyzed 
by  spin-dependent  Bragg-rcflcction  from  the  second  magnetic  layer.  Such  a  spin- 
dependent  reflectivity  was  encountered  for  Ag/bcc  Fc(l(X))  (see  above  and  Refs.  9, 
10).  In  this  ease  minority  spin  states  were  totally  reflected  and  thus  confined  to 
quantum  well  states,  whereas  majority  spin  electrons  kept  propagating  across  the 
interface.  It  is  not  clear  yet  whether  this  is  a  general  phenomenon.  At  least  in  the  ease 
of  Ag/Fe(l00)  it  gives  rise  to  a  large,  yes-or-no  effect  in  the  electron  transmission 
acro.ss  the  interface.  This  may  explain  the  l.argc  interface  effects  found  in  the  analysis 
of  magnetorcsistance  measurements,  c.g.  a  strong  sensitivity  of  magnctorcsistancc  to 
additional  interface  layers^  and  ratios  as  high  as  12:1  for  the  interface  resistances  of 
minority  and  majority  spins^'.  It  should  be  noted  that  this  spin-dependent  Bragg 
reflection  coefficient  is  really  a  property  of  the  bulk  band  structure  of  the 
ferromagnet,  i.c.  it  depends  on  the  existence  of  bulk  stales  in  the  ferromagnet  that 
match  the  energy,  momentum  and  .spin  of  the  incoming  electrons.  Despite  the  crucial 
role  of  bulk  band  gaps,  the  actual  reflection  of  the  electron  wave  function  takes  place 
in  a  very  narrow  region  at  the  interface,  fhe  width  of  this  region  is  determined  by 
the  imaginary  part  of  the  perpendicular  momentum  k^.  which  describes  the  decay  of 
the  evanescent  wavcfunction  into  the  ferromagnet.  It  is  given  by  the  energy  distance 
AE  from  the  nearest  band  edge,  and  takes  on  the  simple  form  Im(k^)  =  72mAE  /ft 
=  0..5I  A“  'y/AE/eV  for  a  free  electron.  Putting  in  a  typical  energy  offset  AE  =  IcV 
we  obtain  a  decay  constant  l/lm(k-'^)  =  2A,  which  is  comparable  to  the  decay  con- 
stanLs  of  I..S-3A  reported  from  magnetic  interlayer  experiments.*  (For  the  example 
Ag/bcc  Fe(IOO)  we  have  AE  =  r|2j  -  E|.  =  l..‘i  cV).^’ 

In  the  future  it  would  be  interesting  to  explore  geometries  with  the  current  per¬ 
pendicular  to  the  interfaces  in  order  to  produce  higher  magnctorcsistancc,  as  in  Ref. 
21.  In  order  to  avoid  extremely  low  resistivities  and  superconducting  technology,  one 
could  try  alternating  stripes  of  magnetic  and  non-magnctic  materials,  with  the  current 
parallel  to  the  thin  film  but  perpendicular  to  the  stripes.  In  order  to  get  stripes  with 
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well-defined  width,  e.g.  5,  12,  or  1 7  atomic  layci*.  for  the  aniifcrtomagnctic  coupling 
maxima  in  Cu/'Co,  one  could  use  stepped,  high-index  surfaces  as  substrates,  where  the 
step  spacing  determines  the  stripe  width, 
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ABSTRACT 

We  report  on  the  magneto-optical  Kerr  rotationft^K)  spectra  of  ultrathin  Fe  films  on  Au  or 
Ag  (100)  substrates  and  the  (jiK  oscillation  due  to  interlayer  thickness  in  Fe/Au/Fe  sandwich 
films.  In  3.5-4.5  eV,  a  new  ({ik  peak  appears  in  the  bcc-Fe(lOO)  ultrathin  films  on  the  fcc- 
Au(lOO)  surface  and  it  shifts  towards  the  higher  energy  side  with  increasing  Fe  layer  thickness. 
The  absolute  value  of  Cxy  for  3A(2ML)  thick  Fe  layers  is  twice  as  large  as  that  of  bulk  Fe  at 
3.7  eV,  The  thickness  dependence  of  the  transition  energy  of  this  new  peak  in  the  spectra  is 
well  explained  by  the  concept  of  quantum  well  states  in  the  Fe  ultrathin  layers,  attributing  the 
new  transition  to  a  transition  from  the  majority  spin  A5  band  ({px±i  py ),  |dxz±i  dyz)  ;  m=±l) 
to  the  A]  quantum  well  states  (s,  pz,  dz2  ;  m=0).  The  new  peak  is  also  observed  in  the 
Fe/Au(  100)  artificial  superlatdces.  Using  the  £xy  obtained  experimentally  for  the  Fe  uluathin 
films  and  the  exx  of  literature,  we  can  reproduce  the  experimental  ((iK  spectra  of  the  artificial 
superlatdces  by  optical  calculation.  On  the  other  hand,  we  cannot  observe  the  same  behavior 
for  the  ultrathin  Fe  films  grown  on  a  fcc-Ag(lOO)  surface  and  covered  by  a  Au(lOO)  ultrathin 
film,  although  the  £xy  of  Fe  is  different  from  that  of  the  bulk  and  shows  some  structures  in  2- 
3  eV.  These  structures  around  2.5  eV  are  thought  to  be  due  to  polarized  Au  atoms  adjacent  to 
an  Fe  layer. 

An  oscillation  of  <tiK  as  a  function  of  interlayer  thickness,  d,  was  observed  in  photon 
energy  region  between  about  2.5  and  3.8  eV  for  the  Fe(6A)/Au(dA)/Fe(6A)  sandwiched  film 
The  oscillation  period  was  about  lOA  (5ML)  of  Au.  The  oscillation  is  thought  to  be  closely 
related  with  a  formation  of  spin  polarized  quantum  well  states  of  Ai  band  in  Au  layers 
sandwiched  by  magnetic  layers. 


I.  INTRODUCTION 

In  this  decade,  a  considerable  attention  has  been  focused  to  3d-ferTomagnetic  transition 
metal/noble  metal  multilayers,  because  they  have  a  novvi  potential  to  provide  a  method  to 
control  a  band  structure  of  magnetic  materials  and  then  new  interesting  phenomena  like  giant 
magnetoresistance  [  1 1  and  oscillating  interlayer  exchange  coupling  [2].  Many  theoretical  and 
experimental  works  have  been  done  on  the  electronic  structures  of  3d-magnetic  ultrathin 
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filins[3-7].  Measurements  of  magneto-optical  (M-O)  effect  is  very  sensitive  and  useful  method 
[8-10].  Especially,  a  spectroscopic  measurement  of  magneto-optical  effects  can  provide  an 
information  on  magnetic  band  structures.  However,  only  a  few  works  have  been  done  in  the 
field  of  the  spectroscopy  of  the  magneto-optical  effect  erf  ultrathin  ferromagnede  filmsl  11]. 

Recently,  we  have  found  a  new  magneto-opdeal  transidon  in  the  ultrathin  films  of  bcc-Fe 
deposited  on  the  Au  (100)  plane  [12].  The  new  peak  in  the  spectra  appears  in  the  thickness 
range  between  2  and  10  A  and  shifts  from  about  2.9  to  4.3  eV  with  increasing  Fe  layer 
thickness.  Meanwhile,  Himpsel  observed  a  formation  of  quantum  well  states  for  the  Fe 
ultrathin  layers  e'  ibedded  on  the  Au(lOO)  using  inverse  photoemission  spectroscopy  (IPES) 
[6].  By  taking  in  o  account  this  result,  the  new  0k  peaks  could  be  explained  by  a  feumation  of 
quantum  well  states  in  the  Fe  (100)  layers]  13]. 

On  the  other  hand,  Bennett  et  al.  reported  an  oscilladon  behavior  of  the  saturadon  Kerr 
rotadon  with  a  change  of  the  Cu  interlayer  thickness,  d,  in  the  FeA^u(dA)/Fe  sandwiched  films 
[9].  However,  since  their  measurements  were  performed  at  only  one  wavelcngth(633nm),  no 
electronic  contributions  to  magneto-optical  ptoperdes  have  been  discussed.  While  Brooks  et 
al.  and  Ortega  et  al.  have  also  reported  a  formation  of  quantum  well  states  in  ultrathin  noble 
metal  layers  which  were  deposited  on  magnetic  films]?].  This  phenomenon  is  worth  to  nonce 
because  such  confined  states  with  spin  polarization  around  Fermi  surface  can  be  a  mediator  of 
the  oscillating  interlayer  exchange  coupling  [7,14]. 

In  this  paper,  we  report  on  the  spectroscopic  studies  of  magneto-qttical  polar  Keir  effect  in 
the  several  kinds  of  samples  which  contain  Fe  ultrathin  layers.  For  the  bcc-Fe(lOO)  ultrathin 
films  grown  on  the  fcc-Au(lOO)  and  the  fcc-Ag(lOO)  surfaces,  we  will  discuss  the  formation  of 
quantum  well  states  in  the  Fe  ultrathin  layers.  For  the  Fe/Au(100)  artificial  superlattices,  we 
report  also  a  formation  of  quantum  well  states  in  the  Fe  layers  and  discuss  on  the  role  of  Au 
barriers.  Finally,  we  report  on  the  behavior  of  saturation  magneto-optical  polar  Kerr  rotadon 
spectra  and  its  oscilladon  due  to  the  interlayer  diickness,  d,  in  Fe/Au(dA)/Fe  sandwiched  films. 


(a)  (b)  (c)  (d) 

Fig.l  Schematic  drawings  of  cross  section  of  samples,  (a)  Fe  ultrathin  film  on 
Au.  (b)  Fe  ultrathin  film  on  Ag.  (c)  Fe/Au  artificial  superlattice,  (d)  Fe/Au/Fe 
sandwiched  film. 
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II.  EXPERIMENTAL  PROCEDURES 

All  the  samples  were  deposited  by  means  of  a  molecular  beam  epitaxy  (MBE)  technique 
using  electron  gun  sources  for  Fe  and  Au  and  a  Knudsen  cell  for  Ag.  During  the  deposition, 
the  vacuum  in  the  MBE  chamber  was  in  the  range  of  KT'^Torr.  A  (100)  cleaved  MgO  single 
crysttl  was  used  as  a  substrate.  After  a  thermal  flashing  of  the  substrate  at  900’C.  a  fcc- 
Ag(lOO)  buffer  layer  of  2000A  was  deposited  on  the  substrate  at  room  temperature  (R.T). 
This  Ag  buffer  layer  was  annealed  at  450*C  for  1  minute.  After  cooling  down  to  R.T,  Fe 
ultrathin  films,  Fe/Au  artificial  superlatbces,  and  Fe/Au/Fc  sandwiched  films  were  deposited  at 
room  temperature  (see  Fig.  1 ).  A  fcc-Au(  100)  seed  layer  of  2000A  thick  was  deposited  for  the 
case  of  Fe  ultrathin  films  on  Au(  100)  and  Fe/Au  artificial  superlatbces.  The  Au  seed  layer  was 
annealed  at  350‘C  for  1  minute.  For  the  case  of  Fe/Au/Fe  sandwiched  films,  2  or  4A  thick  Au 
seed  layers  were  used.  All  the  samples  were  covered  by  20A  thick  Au  layer  to  prevent 
oxidation.  In  Fe/Au/Fe  sandwiched  films,  a  wedge-shaped  Au  layer  was  prepared  for  the 
accurate  measurements  of  the  nonmagnetic  interlayer  thickness  dependence  of  the  Kerr  roution. 
The  wedge  layers  were  formed  by  means  of  a  moving  shutter  method. 

The  thicknesses  and  growth  rates  (0. 1-0.2  A/sec)  of  Fe  and  Au  films  were  measured  and 
controlled  by  quartz  thickness  monitors  (INRCXDN  IC-6000)  combined  with  a  shutter  system. 
The  growth  modes  were  monitored  by  an  observation  of  reflective  high  energy  electron 
diffraction  (RHEED)  patterns  and  its  oscillabons. 

Saturabon  polar  Kerr  rotation  ((liK)  spectra  at  room  temperature  were  measured  with  a  Ken 
rotation  spectrometer  using  a  Faraday  modulator  (JASCX)  J-2S0)  in  the  photon  energy  range 
from  1.55  to  5.3  eV.  The  incident  angle  of  light  was  10  degree  from  normal  to  the  sample 
plane.  Kerr  ellipbcity  (fiK)  spectra  were  calculated  from  the  spectra  using  Kramers-Kronig 
(K-K)  relation  [15|.  In  the  calculation,  the  integration  was  only  performed  in  the  measured 
range  and  no  extrapolation  was  used.  Off-diagonal  elements  of  the  dielectric  tensor  (£xy)  in  Fe 
layers  were  calculated  using  the  values  of  diagonal  elements  of  the  dielectric  tensor  (Exx)  of 
literature  [  16, 17|  and  under  the  assumpbon  of  no  Cxy  in  noble  metal  layers. 


III.  M-O  EFFECT  IN  ULTRATHIN  FILM  AND  SUPERLATTICE 


In  general,  the  magneto-optical  properties  are  expressed  by  the  dielectric  tensor,  e,  of  the 
materials.  For  the  materials  with  cubic  symmetry  and  a  magnetization  normal  to  the  film 
surface. 


Exx 


e= 


-exy 

I  0 


Exy  0  \ 
Exx  0 
0  Ezz  / 


(1) 


in  which  z-axis  parallel  to  the  magnetizabon.  The  polar  Kerr  effect  for  a  normal  incidence  is 
expressed  as[l8). 
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<fK+iTlK= -  (2) 

(l-ExxWcxx  . 

where  <>K  Kerr  rotation  and  t\K  Kerr  eUipdcity.  For  the  artificial  superlattices  with  a  period 
much  shorter  than  wavelength  of  the  incident  light,  the  complex  Kerr  rotation,  is 

described  also  by  the  equation  (2),  using  effective  dielectric  constants,  <£xx>  and  <Exy>- 
From  the  classical  electromagnetic  calculation,  the  effective  dielectric  constants  should  be  an 
average  of  each  dielectric  constant  weighted  by  their  thicknesses!  19]. 

diei+d2-e2+ . 


di+d2+.. 


From  equation  (3),  it  is  clear  that  complex  Kerr  spectra  should  be  identical  for  the  all  artificial 
superlattices  of  the  same  composition  but  of  different  period,  if  there  is  no  change  in  electronic 
structure. 

The  complex  Kerr  rotation  for  the  ultrathin  films  (d«X)  is  1 12], 


'l>K+iTlK=  i  • 


4iid  exy 
^  l-£^xx  . 


where  d  thickness  of  a  magnetic  layer,  X  wavelength  of  the  incident  light,  and  E^xx  dielectric 
constant  of  the  substrate.  If  there  is  no  change  in  the  electronic  structure,  normalized  complex 
Kerr  rotation,  (^iK+i’llO/d.  should  not  be  affected  by  a  change  in  thickness  of  a  magnetic  layer. 


IV,  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 


Fig.2  (a)  and  (b)  shows  the  changes  of  the  (a)  0k  and  (b)  tik  spectra  for  several  Fe  layer 
thicknesses,  d,  in  the  Fe  ultrathin  films  grown  on  the  Au(lOO)  surfaces  (see  Fig.  1  (a)).  The 
vertical  axis  means  a  normalized  value  of  0k  of  ^K  hy  the  Fe  film  thickness.  A  large  negative 

peak  of  the  Kerr  rotation  spectrum  at  2.5  eV  is  observed  in  all  the  samples,  which  is  due  to 
coupled  plasma  edge  of  Au.  At  this  energy,  the  denominator  of  the  equation  (2)  has  a  local 
minimum  and  enhances  Kerr  rotation  optically.  This  phenomenm,  so  called  "plasma 
enhancement  effect,"  was  first  pointed  out  for  a  bulk  material[20]  and  then  multilayers]  11]. 

A  new  0K  peak  appears  in  3.5-4.5  eV  for  the  Fe  films  thinner  than  lOA  and  shifts  toward 
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higher  energy's  side  with  increasing  Fe  layer  thickness.  Using  equation  (4)  and  dielectric 
constants  of  bulk  Au  1 16).  off-diagonal  element  of  dielectric  tensor  of  Fe  ultrathin  films  can  be 
calculated.  Fig.3  shows  absolute  value  of  the  off-diagonal  dielectric  constants,  Exy,  of  the  Fe 
ultrathin  films.  The  Exy  spectra  show  a  peak  at  around  4  eV.  For  a  10  A  thick  Fe.  a  new  peak 
appears  at  4.5  eV.  A  peak  is  also  observed  at  the  same  energy  for  a  7  A  thick  Fe  layer.  It 
shifts  to  lower  energy  side  for  Fe  films  thinner  than  5  A.  The  center  of  the  peak  for  a  3  A  thick 
Fe  is  about  3.6  cV.  The  absolute  value  of  Exy  of  3  A  thick  Fe  is  about  two  times  as  large  as 
that  of  bulk  Fe  at  3.6  eV.  A  separate  obsevation  of  a  real  part  and  an  imaginary  part  of  Exy 
shows  dispersion  type  spectra  for  the  real  part,  abscnptive  part,  and  a  sigle  peak  for  the 
imaginary  part[12|.  Such  dispersion  of  E'xy  indicates  a  diamagnetic  type  transition  (21 1  in  the 
materials. 

In  Fig.4  the  energy  of  the  new  transition  is  shown  as  a  function  of  Fe  layer  thickness, 
where  the  transition  energy  is  determined  from  the  peak  position  in  the  spectra  of  the  absolute 
value  of  Exy.  An  energy  shift  of  up  to  2  eV  is  shown.  Such  a  large  shift  of  the  energy  level 
of  an  empty  state  was  observed  also  for  the  same  system  by  Himpsel  using  inverse  photo¬ 
emission  spectroscopy  (IPES)  (6).  He  attributed  this  new  state  to  a  Ai  quantum  well  state  in 
the  Fe  ultrathin  layers.  Fig.  5  shows  band  structures  of  fcc-Au  [22)  and  bcc-Fe  123)  along 
film  normal.  Since  Au  has  an  energy  gap  of  Ai  dispersion  above  the  X'4  point,  electronic 
states  in  an  Fe  layer  with  Aj  symmetry  can  not  connect  to  states  in  Au  layer  in  this  energy  gap 


hu  (eV)  hu  (eV) 


Fig.2  Magneto-optical  polar  Kerr  rotation  (^k)  spectra  as  a  function  of  Fe  layer 
thicknessfd)  in  Au(20A)/Fe(dA)/Au(2000Ay  Ag(2000A)/MgO(100)  films  at  room 
temperature,  (a)  Kerr  rotation  (^ir)  spectra,  (b)  Kerr  ellipticity  (tjk)  spectra.  The 
vertical  axis  means  a  noimalized  values  of  <^iC  by  the  Fe  film  thickness. 
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and  confined  in  the  Fe  layer  [6].  The  A|  quantum  well  state  is  made  from  s,  pz,  and  dz2 
(m=0)  orbitals  with  k-vector  near  the  H  point  of  bcc-bulk  Fe  (6).  Therefore,  only  A5  bands 
(m=±l)  can  be  initial  states  of  a  dipole  transition  made  by  in-plane  polarization  of  the  light. 
Since  the  minority  spin  A3  bands  are  empty  for  large  kz,  only  the  majority  spin  A5  bands  can 
contribute  to  the  absorption  of  the  light.  The  majority  spin  doubly  degenerate  A5  band  splits 
into  two  separate  bands  corresponding  to  the  angular  momentum  (J=3/2, 1/2)  by  the  spin-orbit 
interaction,  and  majority  spin  A5  to  A|  quantum  well  states  transition  will  yield  a  diamagnetic- 
type  magneto-optical  effect,  in  Fig.  4,  the  expected  thickness  dependence  of  the  transition 
energy  from  the  majority  spin  A5  to  A|  quantum  well  state  transition  is  also  shown.  The 
characteristics  of  the  Ai  quantum  well  slates  were  obtained  from  the  IPES  data  16],  and  a 
dispersion  of  the  majority  spin  A5  bands  were  taken  from  the  calculated  band  structure  of  bulk 
Fe  (23).  The  two  curves  in  Fig.  4  have  essentially  the  same  properties.  The  difference 
between  two  curves  is  not  large,  if  we  allow  experimental  errors  and  some  changes  of  majority 
spin  As  bands  in  the  ultrathin  films.  From  these  results,  we  can  assign  the  new  transition  to  a 
transition  from  majority  spin  As  bands  to  A(  quantum  well  states  in  the  Fe  ultrathin  films. 

IV-2.  Fe/Au  Superlattice 

Fig  6  shows  the  Kerr  ellipticity  spectra  of  Fe(3A)/Au(4A)  and  Fe(3A)/Au(8A)  artificial 
superlattices.  Both  spectra  show  a  single  broad  peak  at  3.8  eV.  This  energy  is  close  to  the 
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Fig.3  Changes  of  the  spectra  of  off-diagonal  elements  (exy)  of  the  dielectric  tensor 
as  a  function  of  Fe  layers  thickness(d)  in  Au(20A)/Fe(dA)/Au(2000A)/Ag(5000A) 
/MgO(  100)  films,  (a)  real  part  of  exy,  (b)  imaginary  part  of  Cxy. 
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0  2  4 

Fe  film  thickness  Fig.5  a  schematic  drawing  of  the  band 

structures  of  bulk  bcc-Fe  |23)  and  fcc-Au 
Fig.4  Thickness  dependence  of  the  j221  near  the  Fermi  energy  along  the  film 
transition  energy  observed  in  the  Fe  normal, 
ultrathin  films  grown  on  AuflOO)  (clo^ 
circles).  Open  circles  show  the  transition 
energy  from  majority  spin  A5  [23]  to  the 
Ai  quantum  well  state  measured  by 
Himpsel  [6]. 

transition  energy  for  a  3  A  Fe  ultrathin  film  sandwiched  by  Au,  i.e.  3.6  eV.  To  confirm  a 
contribution  of  the  quantum  well  states,  the  Ken  ellipticity  spectrum  of  the  Fe(3A)/Au(4A) 
artificial  superlattice  is  examined  by  optical  calculations.  In  Fig.  7,  an  experimental  ellipticity 
spectrum  of  the  superlattice  is  shown  with  two  theoretical  curves.  Curve  A  was  calculated 
from  equation  (2)  and  (3)  using  the  dielectric  constants  of  bulk  Fe  [17]  and  Au  [  16].  The 
curve  A  shows  plasma  enhancement  at  2.S  eV,  but  does  not  reproduce  an  experimental 
spectrum.  The  curve  B  is  calculated  using  the  diagonal  parts  of  dielectric  tensor  of  bulk  Fe  and 
Au  and  an  experimental  off-diagonal  element  of  dielectric  constant  of  3  A  thick  Fe  ultrathin 
films  sandwiched  by  Au  that  was  obtained  in  section  IV-1.  The  latter  curve  agrees  well  with 
the  experimental  ellipticity  spectrum  and  indicates  an  appearance  of  the  quantum  well  states  in 
Fe/Au  artificial  superlattices.  The  transition  energies  are  almost  identical  for  both  the  artificial 
superlattices  with  different  Au  layer  thicknesses.  This  fact  agrees  well  with  a  concept  of  a 
quantum  well  states  in  Fe  layers,  since  those  levels  are  independent  from  Au  layer  thicknesses. 
Only  two  atomic  layers  of  Au  (4  A)  is  necessary  to  work  as  a  barrier  of  the  weUs. 

IV-3.  Fe  Ultrathin  Rims  on  Ae 

In  Fig.8  (a),  (b)  the  changes  of  and  IIK  spectra  as  a  function  of  d  in 
Au(20A)/Fe(dAVAg(S000A)/MgO(100)  films  are  shown.  A  negative  large  plasma  enhanced 
peak  is  also  observed  at  3.8  eV  We  can  not  confirm  any  new  peaks  in  3.S-4.S  eV 
contrary  to  the  Au  cases.  However,  it  seems  to  exist  in  the  2-3  eV  range  some  structures 
for  the  Fe  layers  thinner  than  8A.  Such  kinds  of  structures  were  not  observed  in  the  Fe 
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photon  energy  (eV) 

Fig.7.. Comparison  belwecn  experimental 
polar  Kerr  ellipticiiy  and  two  calculations. 
A:  Calculation  using  dielectric  tensor  of 
bulk  116,17].  B;  Calculation  using 
diagonal  pans  of  dielectric  tensor  of  bulk 
[16,17]  and  off-diagonal  pan  of  the  3A 
thick  Fc  ulirathin  film  obtained  here. 

layer  above  lOA. 

In  Fig.9  (a),  (b)  are  shown  the  spectra  of  real  pan  (e’xy)  and  imaginary  pan  (e'xy)  as  a 
function  of  d  in  Au(20A)/Fe(dA)/Ag(5000A)/MgO(100)  films.  The  theoretical  E'xy  and  e'\y 
spectra  of  bulk  Fe  (24)  are  shown  as  a  composition.  The  bump  in  Exy  spectra  near  3.8  eV  is 
an  analytical  error  caused  by  an  ambiguity  of  the  optical  constants  of  Ag  [  16).  The  whole 
shape  of  the  e'xy  spectrum  has  a  tendency  to  approach  towards  that  of  the  bulk  Fe  with 
increasing  Fe  thickness. 

To  investigate  a  reason  why  a  new  peak  at  3.5-4.5  eV  does  not  appear  in  the  Fe  on  Ag,  we 
measured  RHEED  intensity  during  the  growth.  In  Fig.  10  the  RHEED  intensity  oscillations 
during  the  growth  of  Fe  layer  on  Au  and  Ag  (100)  surfaces  are  shown.  In  the  case  of  Fe  layer 
on  Au,  the  RHEED  intensity  oscillation  continues  for  a  long  time.  On  the  other  hand  for  the 
growth  of  Fe  on  Ag  the  oscillation  is  not  so  clearly  observed.  This  result  suggests  that  the  Fe 
layer  on  Ag  has  a  poor  Irver-by-Iayer  growth  different  from  that  of  Fe  layer  deposited  on  Au, 
which  in  turn  suggests  why  the  quantum  well  stales  are  not  formed  in  Fe  layer  on  Ag  [13]. 

The  shape  of  Exy  spectra  of  Fe  films  less  than  SA  deposited  on  Ag  are  different  from  that  of 
Fe  bulk  state.  This  suggests  that  the  electronic  structure  of  Fe  film  less  than  SA  is  different 
from  that  of  bulk.  In  the  Fe  films  thinner  than  SA  on  Ag,  there  are  some  structures  of  Exy  in 
2-3  eV.  The  e  xy  structure  is  thought  to  be  related  with  polarized  Au  atoms  adjacent  to  the  Fe 
layer  from  the  following  two  reasons;  I).  Schnatterrly  reported  that  a  magneto-optical  transition 
of  polarized  Au  atoms  near  the  plasma  edge  where  an  optical  transition  between  s,  p  and  d 
bands  occurs  in  Au  [25].  2).  The  E'xy  spectra  change  with  Au  layer  thickness  (x)  in 

Au(20A)/Ag(10A)/Fe(3A)/Au(xA)/Ag(4000A)/MgO(100)  films. 
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Fig.8  Ma^to-opdcal  polar  Kerr  spectra 
as  a  function  of  Fe  layer  thicknessfd)  in 

Au(20AVFe(dAyAg(5000AVMgO(100) 

films  at  room  temperature.  (a)  Kerr 
rotation  (^k)  spectra,  (b)  Kerr  ellipticity 
(t^K)  spectra.  The  vertical  axis  means  a 

normalized  values  of  ^K  and  IIK  by  Fe 
film  thickness. 


Fig.9  Changes  of  the  spectra  of  off- 
diagonal  elements  (e^y)  of  the  dielectric 
tensor  as  a  function  of  Fe  layers 
thickness(d)  in 

Au(20AyFc(dA)/Ag(5000A)  /MgOflOO) 
films.  The  theoretical  spectra  of  Fe  bulk 
are  shown  as  a  comparison  [24].  (a)  real 
part  of  exy,  (b)  imaginary  part  trf  e^y. 


IV-4.  Fe/Au/Fe  Sandwiched  Film 

We  have  also  prepared  several  kinds  of  Fe/Au(dA}/Fe  sandwiched  films  and  measured 
saturation  polar  Kerr  rotation  (9k)  as  a  function  of  the  Au  interlayer  thickness  (d)  in  the 
sandwiched  films.  As  a  sandwiched  structure,  we  employed  the  Au(20A)/Fe(5A)/Au(dAv 
Fe(5A)/Au(4A)/Ag(4000A)  structure  with  a  Au  wedge  whose  schematic  drawing  of  cross 
section  is  shown  in  Fig.  1  (d) 

As  pointed  out  by  Ortega  ec  a/.(7],  according  to  the  bulk  band  structures  of  bcc-Fe  and  fcc- 
Au  near  the  Fermi  energy  along  the  film  normal  (001}  (22,23],  in  the  case  of  Au/Fe  system, 
since  an  energy  gap  of  minority  spin  Ai  branch  exits  below  the  r]2i  point  of  Fe,  the  majority 
Ai  band  of  Au  couple  with  Ai  band  in  Fe,  but  the  minority  A]  band  of  Au  does  not  couple 
with  that  of  Fe  layer  near  the  Fermi  level.  Therefore,  a  discrete  quantum  well  state  will  be 
produced  in  the  minority  Ai  band  of  Au  around  Fermi  level.  These  are  spin  polarized  quantum 
well  states.  In  that  energy  region,  a  propagating  wave  along  the  film  normal  in  the  Au  layer  is 
reflected  by  Fe  barrier  at  the  interfaces  because  the  wave  can  not  propagate  in  to  the  Fe  layers. 
So,  an  interference  between  the  pre^agating  and  the  reflecting  waves  makes  an  envelope 
function  (standing  wave).  According  to  a  simple  approximation  in  which  the  phase  change  of 
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Fig.  10  The  RHEED  intensity  oscillations 
(specular  spot  intensity)  during  the  growth 
of  Fe  layer  on  (a)  Au(  100)  and  (b)  Ag(lOO) 
surface  at  room  temperature.  T^  primary 
energy  was  20  keV,  and  glancing  angle 
was  0.3  degree. 


Fig.  11  The  Au  interlayer  thickness,  d, 
dependence  of  6t  3.8eV  in 
Au(20A)/Fe(dA)/Au(dMLyFef6AyAu(2,Jk) 
/A^4000A)  film.  1ML=2.oA. 


the  wave  was  neglected,  at  Fermi  Level,  the  wave  number  kj  (kz  =  kp)  can  be  expressed  as 
[7], 

kz  =  kF  =  kZB  -  nn/L  (5) 


where,  kZB  the  wave  vector  at  zone  boundary,  and  kz  the  wave  vector  of  the  plane  wave,  L 
the  film  thickness  of  Au,  n  an  integer. 

The  quantum  well  states  with  different  integer,  n,  should  cross  the  Fermi  level  one  after 
another  along  the  A]  band  energy  dispersion  with  the  increasing  Au  thickness.  Namely,  an 
empty  down  spin  state  will  be  formed  periodically  just  above  Fermi  level  with  the  increasing 
film  thickness  of  Au.  Therefore,  the  period  (Aq)  in  which  quantum  well  state  appears  at  the 
Fermi  level  is  expressed  as  AQ=ic/(kZB  -  kp)  (7).  Ortega  and  Himpsel  found  quantum  well 
states  in  ultrathin  noble  metal  layers  such  as  Ag,  Cu  grown  on  Fe  and  Co  by  using  IPES 
method  and  found  that,  when  the  energy  was  fixed,  for  example  at  Fermi  energy,  the  inverse 
photoemission  intensities  oscillate  by  every  5  ML's  of  Ag  17). 

It  is  expected  also  that  a  new  magneto-optical  transition,  where  the  spin  polarized  quantum 
well  states  in  noble  metals  behave  as  a  final  state,  will  occur  and  its  intensity  (MO  effect)  will 
oscillate  periodically  by  the  formation  of  the  quantum  well  state  at  Fermi  level.  The  Aq  is 
thought  to  correspond  to  the  period.  A,  of  the  oscillation.  In  the  cases,  it  is  considered  that 
an  optical  transition  from  minority  spin  A5  bands  to  the  A]  spin  polarized  quantum  well  states 
in  Au  or  Ag  is  a  possible  mechanism  of  the  oscillation  of  saturation  (>k  in  Fc/Au(dA)/Fe  and 
Fe/Ag(dA)/Fe  sandwiches. 

In  Fig.l  1  the  Au  interlayer  thickness  (d)  dependence  of  saturation  polar  Kerr  rotation  (<>K) 
at  3.8  eV  in  Au(20A)/Fe(6A)/Au(dA)/Fe(6A)/  Au(2A)/Ag(4000A)  sandwiched  film  is  shown. 
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The  vertical  axis  shows  a  0K  pcf  Fe  1 A  (^K/<lFe)>  which  was  normalized  by  ihe  total  Fe 
thickness  ( 1 2A).  Similar  oscillations  of  ((iK  were  observed  in  the  energy  region  of  2.5  to  3.8 
eV,  no  oscillations  were  found  at  the  energies  2.0,  4.0  and  4.5  eV.  The  oscillation  periods 
(A)  are  about  5ML  (lOA).  Similar  result  was  also  seen  for  Fe/Ag/Fe  sandwiched  film  in  the 
energy  range  from  2.8  to  4.5  eV.  The  oscillation  period  (A)  of  Fe/Ag/Fe  sandwiched  film  is  in 
good  agreement  with  IPES  experiments  of  Ortega  et  al  17). 

In  these  cases,  most  possible  energy  range  in  which  such  kinds  of  (1»K  oscillauon  should  be 
occur  is  from  the  energy  corresponds  to  As  to  Fermi  surface  transition  to  the  energy  of  X5  to 
X'4  transition.  From  the  band  structures  1221,  these  ranges  are  2.0-4.7  eV  for  Au  and  4.0-6.3 
eV  for  Ag.  However,  as  mentioned  above,  the  energy  ranges  in  which  the  i>K  oscillations 
were  observed  were  2. 5-3. 8  eV  for  the  Fe/Au/Fe  system  and  2.8  to  4.5  eV  for  Fe/Ag/Fe 
system.  As  the  energy  regions  are  rather  wide,  especially  for  the  Fe/Ag/Fe  case,  another 
mechanism  might  be  responsible  for  the  observed  effect:  such  as  an  optical  transition  in  the  Fe 
or  an  interband  transition  between  a  band  in  Fe  and  the  quantum  well  states  in  the  Au  layers. 
The  oscillation  of  the  MO  effect  as  a  function  of  d  in  the  sandwich  films  is  also  thought  to  be 
closely  related  with  oscillatory  magnetic  couplings  observed  in  magnetic  multilayers  12, 14). 


V.  SUMMARIES 

We  measured  the  magneto-optical  polar  Kerr  effects  on  (100)  ultrathin  Fe  films  deposited 
on  Au  or  Ag  buffer  (100)  surfaces.  In  the  photon  energy  region  between  3.5  and  4.5  eV,  a 
new  i|)K  peak  appears  in  the  Fe  layers  deposited  on  Au,  and  shifts  towards  higher  energy  side 
with  increasing  Fe  layer  thickness,  whereas  we  can  not  observe  the  new  peak  in  Fe  layers 
deposited  on  Ag.  The  thickness  dependence  of  the  transition  energy  of  the  new  peak  in  the 
spectra  is  well  explained  by  the  transition  fiom  the  majority  spin  A5  band  ({px±i  Py ),  (dxz^i 
dyz)  ;  m=±l)  to  the  Ai  quantum  well  states  (s,  pz.  dz2  ;  m=0).  The  new  peak  is  also 
observed  in  the  Fe/Au(l00)  artificial  superlattices.  By  comparing  the  RHEED  intensity 

oscillation  for  Fe  on  Au  and  Fe  on  Ag,  it  is  concluded  that  incomplete  layer-by-layer  growths 
exclutfe  a  formation  of  quantum  well  states  in  Fe  layers.  On  the  other  hand,  Fe  ultrathin  films 
deposited  on  Ag  and  covered  by  Au  show  some  structures  of  Exy  in  the  rarige  of  2-3  eV  for  the 
Fe  films  thinner  below  8A.  These  structures  are  tentatively  attributed  to  spin-polarized  Au 
atoms  adjacent  to  Ihe  Fe  layer. 

We  also  report  on  the  saturation  polar  Kerr  rotation  (^k)  spectra  and  its  oscillation  due  to 
interlayer  thickness,  d,  in  Fe/Au/Fe  and  Fe/Ag/Fe  films.  As  a  result,  the  oscillation  of  0k  ns 
a  function  of  interlayer  thickness  d  was  observed  between  about  2.5  and  3.8eV  for 
Fe(6A)/Au(dA)/Fe(6A)  films.  The  oscillation  period  A  is  about  5ML  (lOA)  of  Ag  layer 
corresponding  to  the  IPES  results.  The  oscillation  is  thought  to  be  closely  related  with  the 
formation  of  spin  polarized  quantum  well  states  of  Al  down  spin  band  in  Au  layers  which  is 
the  carriers  of  the  oscillatory  magnetic  coupling. 
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ABSTRACT 

We  study  the  effects  of  quantum-well  states  on  the  calculated  RKKY  coupling. 
We  find  that  the  bound  states  of  a  finite-si2e  potential  well  of  depth  V  give  an  added 
oscillation  period  of  size  irh/V2mV.  For  the  simplest  case  of  a  spherical  free-electron 
Fermi  surface,  thus  two  periods  appear:  the  original,  “fast,”  n/kp  oscillation,  and  the 
quantum-well  one  7rh/y/2mV.  The  quantum-well  contributions  have  larger  amplitude, 
and  are  in  fact  the  predominant  oscillation.  For  physically  reasonable  V  (tenths  of  an 
eV)  this  period  is  around  8-lOA.  We  discuss  evidence  for  these  effects  in  e  ;perimental 
systems. 

INTRODUCTION 

We  wish  to  discuss  an  issue  concerning  the  coupling  in  magnetic  multilayers.  The 
experimental  fact  of  this  coupling  is  by  this  point  well-established.  (See  papers  in 
these  proceedings  and  references  therein  for  an  up-to-date  review.)  Layers  of  magnetic 
material,  some  tens  of  Angstroms  thick,  magnetically  couple  across  a  nonmagnetic 
transition  metal  spacer,  with  a  magnitude  which  oscillates  with  the  width  of  the  spacer 
material.  The  average  oscillation  period  is  around  lOA,  although  a  second,  smaller 
period  has  been  seen  in  some  samples,*  and  for  a  few  spacers,  such  as  Cr,  the  period 
is  near  ISA.* 

Oscillating  magnetic  exchange  coupling  suggests  an  RKKY  interactio;;,  with  the 
coupling  mediated  by  the  spin-polarization  of  the  spacer  conduction  electrons.  There 
have  been  several  theoretical  efforts  in  this  direction,*”^  and  the  conclusion  of  these 
has  been  that  although  a  free-electron  Fermi  surface  pves  a  period,  ^fkp,  of  only  SA, 
adding  the  periodicity  of  the  spacer  lattice  to  give  a  realistic  band  structure,  and  the 
periodicity  of  the  multilayer  to  give  a  beating,  “aliasing,”*’*'^  effect,  results  in  longer 
periods  which  match  well  with  experiment.  These  long  periods  are  thus  essentially  an 
effect  of  the  bulk  spacer-material  band  structure. 

One  can  see  from  the  expression  for  the  RKKY  interaction  where  these  oscillation 
periods  arise.  In  its  simplest  form,  the  RKKY  interaction  is  the  perturbative  effect 
of  a  collection  of  “local  moment”  spins  interacting  with  the  spins  of  the  conduction 
electrons.  If  the  nonmagnetic  conduction  electron  states  can  be  represented  by  some 
single- particle  energies  {cj,}  and  wave  functions  {^(r)},  then  the  effect  of  a  magnetic 
interaction  of  the  form 

=  J  ^  3c(vi)  Si,  (1) 

-it** 

(sc(ri)  the  spin  of  the  conduction  electrons  at  local  moment  site  i),  is  to  give  a  leading 
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order  correction  to  the  ground  state  total  energy 


5 {l/>i;.(r,)v’k(r.)vi;(rj)vv(rj)  +  h.c.}  -  - 


(2) 


k.k' 

*k>*r 

«k' 


If  one  thinks  of  the  product  of  wave  functions  i/>  as  cosine-like,  then  when  =  Et¬ 
on  the  Fermi  surface,  there  is  a  logarithmic  singularity  which,  when  integrated  against 
the  cosine  continuum,  gives  oscillations  with  wave  vector  equal  to  the  siugul.  rity  wave 
vector.  For  a  free-electron  Fermi  sphere  the  singularity  has  Ak  =  y/2m£F/h  =  ky,  and 
for  more  complex  shapes  other  Ait  are  possible.’ 

We  propose  to  consider  additional  contributions  to  the  RKKY  coupling,  namely 
those  from  bound  states  arising  from  c  .  ctive  quantum  wells  in  these  fystems.  There 
has  been  increasing  evidence*  that  quantum- well  states  exist  in  some  of  these  materials, 
arising  from  differences  in  environment  between  magnetic  and  non-magnetic  layers  By 
use  of  a  simple  model,  we  show  that  bound  states  can  give  a  contribution  to  the  RKKV' 
coupling  which  oscillates  with  a  period  dependent  only  on  the  height  of  the  well,  and 
independent  of  any  features  of  the  Fermi  surface.  (Secondary  oscillations  have  period 
ir/jbf ,  indicative  of  the  continuum  contributions.  The  bound  states  thus  do  not  change 
the  Tr/kp  period,  but  rather  aie  an  additional  large-amplitude  contribution  on  top  of 
the  Fermi  surface  terms.)  Since  values  of  the  well  height  of  around  a  few  tenths  of 
an  eV  give  periods  rrh/ v'2mV'  in  the  range  of  9A,  the  implications  are  that  in  some 
multilayer  systems,  some  subset  of  the  oscillation  periods  may  have  contributions  from 
quantum-well  states  in  addition  to  the  normal  Fermi  surface  effects.  Since  the  physics 
of  these  two  contributions  are  different,  it  may  make  sense  to  look  for  evidence  of  these 
effects  experimentally  in  multilayer  systems. 

METHOD  AND  RESULTS 

Our  calculation  is  straight-forward.*  As  the  simplest  case  of  a  quantum  well,  we 
start  with  a  free-electron,  spherical  Fermi  surface  system,  and  add  a  potential  for  the 
conduction  electrons  in  the  i  direction  (perpendicular  to  the  planes).  Such  a  potential, 
a  quantum- well  for  the  spticer  layer,  is  illustrated  in  Fig.  (1). 

(We  have  tdso  exEimined  other  forms  of  the  potential  such  as  delta  functions  for  the 
interfaces  or  a  “negative  well”  for  the  spacer,  and  we  discuss  these  results  elsewhere. '  * ) 
The  wave  functions  i/’k(r)  caJi  be  calculated  exactly  for  this  case,  and  they  arc  plane 
waves  in  the  x  and  y  directions.  In  the  i  direction  the  states  are  solutions  of  a  potential 
well;  a  continuum  of  states  for  k^  >  ■\/2mV /k  (sines  and  cosines  with  a  chmige  of  wave 
vector  at  the  interface),  and  a  set  of  bound  states  for  kt  <  \/2niV /h.  The  number  of 
bound  states  increases  as  dVTmV /irh.  Even  for  a  piece-wise  constant  potential,  the 
eigenstate  energy  £*  still  has  the  free-electron  form,  e*  =  h^(kl  -I-  F’  -(-  fcj)/2m,  where 
energy  is  measured  from  the  bottom  of  the  well.  We  then  substitute  these  v'’k(r)  and 
e*  in  Eq.  (2),  and  do  the  {k}  and  {i}  sums. 

The  S,  tue  taken  as  constant  within  each  ferromagnetic  slab,  and  so  S,  ■  Sj  factors 
out  of  the  {i,j}  sum  in  Eq.  (2)  as  S(,/(  ■  Sn^Ai-  We  write  Eq.  (2)  as 

AE  =  -(^)^I(d)S,Sr,  (3) 

and  calculate  1(d)  for  various  well-heights  V.  We  plot  a  representative  result  in  Fig. 
(2). 
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Fig.  1.  Model  potentizd  used  for  the  calculations  of  Fig.  2.  Note  the  zero  of  energy; 
is  measured  from  the  bottom  of  the  well. 


This  case  illustrates  the  effects  of  even  small  well  height.  (The  amplitude  of  the 
Qutintum-well  oscillations  increases  with  F.)  Compared  to  no  well  {Fig,  (2a)),  the 
osc'.'latory  period  is  lengthened  considerably  by  a  well  of  only  one-tenth  the  Fermi 
energy  (Fig.  (2b)).  The  new  period  is  A  =  nh/y/2mV,  which  one  can  check  by 
substituting  the  values  given  in  the  caption. 

Evidence  of  what  is  happening  can  be  obtained  by  separating  /(d)  into  contribu¬ 
tions  from  continuum  and  discrete  states.  The  continuum  contribution  shows  small 
perturbations  as  a  result  of  resontinces  from  a  finite  well,  but  overall  the  .iod  of 
oscillations  is  x/kf.  The  quantum-well  state  contribution,  in  contrast,  has  a  pr.iodic- 
ity  of  x/kv,  where  h^ky/2m  =  V.  Every  time  the  spacer-layer  width  d  increase  by 

xhl\/2mV,  a  new  quantum- well  state  appears.  States  with  kt  near  \j2mVlh^  have  a 
sharp  maximum  in  their  overlap  amplitude  with  the  magnetic  states;  honce,  as  states 
periodically  pziss  through  this  regime,  there  is  a  corresponding  oscillation  in  the  RKKY 
interaction.  This  is  thus  an  effect  of  sharp  modulations  in  the  numerator  of  the  expres¬ 
sion  in  Eq.  (2),  as  opposed  to  the  continuum  contribution,  which  is  an  effect  of  zeros 
in  the  denominator. 

The  total  RKKY  coupling  is  the  sum  of  the  continuum  and  quantum- well  (discrete) 
contributions.  It  is  important  to  note  that  since  the  quantum-well  state.,  are  confined 
to  the  spacer,  their  weight,  via  the  0t,(r)  in  Elq.  (2)  which  go  as  l/\/d,  sums  (the 
number  of  bound  states  goes  as  d)  to  a  number  of  order  one.  The  continuum  states, 
normalized  to  the  entire  sample,  have  ~  where  L  is  the  size  of  the  system. 

There  are  of  course  a  large  number,  of  order  L,  of  continuum  states  (in  the  z-direction); 
hence  the  contributions  from  bound  and  continuum  states  are  of  the  s^lme  size.  The 
amplitude  of  the  bound  states  turns  out  in  fact  to  be  slightly  larger,  so  that  when  all 
contributions  are  added  together,  two  periods  are  seen,  x/kf  and  xh/ ^2mV’,  with  the 
predominant  one  being  xh/ \/2mV . 

GeneraUzing  this  result  to  the  case  of  a  more  realistic  band  structure,  one  can 
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Fig.  2,  RKKY  coupling  of  two  planes  of  spins  in  a  sea  of  conduction  electrons  as 
a  function  of  interplanar  distance.  (The  effective  filled  band  width  is  Sf  =  5.2  eV 
in  these  plots.)  (a)  V  =  0,  no  scattering  potential;  (b)  V  =  0.10  £f-  Note  that  the 
Trh/V^mV  oscillations  are  evident  even  for  this  very  shallow  well.  (Positive  RKKY  is 
ferromagnetic;  negative,  antiferromagnetic.) 

see  that  the  various  periods  will  add  separately,  with  the  predominant  period  being 
the  one  corresponding  to  the  largest  amplitude.  (Roughness  averaging  and  aliasing 
will  of  course  smooth  out  the  shorter  periods,  so  the  oscillation  period  seen  exper¬ 
imentally  may  reflect  more  the  largest  ampUtude  terms  in  a  certain  range.®)  Since 
quantum-well  contributions  do  not  interfere  with  the  Fermi-surface-based  periods  ruid 
are  merely  an  additive  effect,  one  might  suppose  that  the  ratio  of  quantum-well  to 
Fermi-surface  effects  might  vary  among  different  systems,  and  among  different  oscilla¬ 
tion  periods  in  a  given  system.  (If  one  defines  the  well  as  a  difference  of  paramagnetic 
(filled)  band  widths,  then  of  course  some  systems  might  not  display  quantum-well,  but 
rather  “quantum-wail”  (negative  V)  effects'®.)  The  fact  that  a  V'  of  0.3-0.6  eV,  a 
not-unreasonable  band-width  difference,  gives  a  period  of  8-llA.  indicates  that  one 
might  look  for  these  effects  among  the  low-end  oscillation  periods  seen  experimentally. 
Quantum-well  states  of  the  type  considered  in  our  model  give  a  ferromagnetic  bias  (as 
seen  in  Fig.  (2b)),  which  might  serve  as  a  check  of  quantum-well  effects. 

In  summary,  we  have  found  rm  additional  physical  mechanism  for  producing  oscil¬ 
lation  periods  in  an  RKKY  interaction.  The  bound  states  of  a  qu^mtum  well  contribute 
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a  period  of  -xaajyJV  (Oo  the  Bohr  radius  and  V  in  Rydberg).  The  amplitude  of  this  os¬ 
cillation  can  be  quite  large,  and  for  well  depths  around  0.03  Ry,  the  oscillation  period  is 
near  lOA,  suggesting  that  quantum-well  states  might  be  contributing  to  the  oscillation 
period  in  some  magnetic  multilayer  systems. 
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ABSTRACT 

An  earlier  theory  of  the  exchange  coupling  between  two  ferromagnets  separated  by  a 
nonmagnetic  transition  metal  spacer  was  based  on  size  quantization  of  the  electron 
energies  in  the  spacer.  It  is  now  generalized  to  include  the  effect  of 
hybridization  between  the  conduction  and  d  bands  both  in  the  ferromagnet  and  in  the 
spacer.  The  new  theory  thus  unifies  the  approach  based  on  coupling  via  d  electrons, 
valid  for  transition  metal  spacers,  with  RKKY-type  theories  for  noble  and  simple 
metals  which  rely  on  coupling  via  conduction  electrons.  The  theory  is  applied  to 
calculate  the  period  and  strength  of  the  long-period  oscillatory  coupling  in  (001) 
Co/Cu  trilayer. 

The  oscillatory  exchange  coupling  between  magnetic  layers  separated  by  a 
nonmagnetic  spacer  and  the  related  giant  magnetoresistance  effect  have  attracted 
much  attention.  It  is  found  experimentally  that  the  magnetic  layer  moments  align 
themselves  ferromagnetically  (FM)  or  antiferromtignetically  (AF)  depending  on  the 
thickness  of  the  nonmagnetic  spacer.  Multilayers  which  exhibit  such  an  oscillatory 
coupling  are  based  on  ferromagnetic  transiticm  metals  and  the  nonmagnetic  spacer 
layers  are  usually  transition,  noble,  or  simple  metals. 

The  initial  theoretical  effort  was  directed  toward  explaining  the  observed 
long  oscillation  periods.  Two  mechanisms  have  been  proposed:  a  theory  based  on  size 
quantization  of  magnetic  carriers  (complete  confinement  model)  and  an  RKKY-type 
approach  based  on  perturbation  theory.®'*  In  both  approaches  oscillation  pericxis 
are  linked  to  the  shape  of  the  spacer  Fermi  surface  (FS). 

However,  a  true  test  of  any  of  these  theories  is  whether  they  can  predict 
not  only  the  period  but  also  the  overall  strength  of  the  oscillatory  coupling  for 
any  particular  combination  of  the  ferromagnet-spacer  materials.  RKKY-type  theories 
fail  this  test  because  they  treat  the  ferromagnetic  layer  only  as  a  magnetic  plane 
characterized  by  one  or  more  adjustable  parameters.  Moreover,  examination  of  the 
bulk  band  structure  of  the  layers  in  systems  based  on  transition  metals  shows  that 
magnetic  carriers  are  often  completely  confined  in  the  spacer  region.*  The 

resultant  bound  states  cannot  be  described  within  an  RKKY  approach  based  on 

perturbation  theory. 

^At  the  other  extreme,  the  original  version  of  the  complete  confinement 

theory  assumes  for  the  FM  configuration  that  magnetic  carriers  of  one  spin 

orientation  travel  freely  across  the  whole  structure  and  those  of  the  opposite  spin 
are  comletely  confined  in  the  spacer  region.  These  conditions  are  fulfilled  for 

Fe/Cr  and  Co/Ru  structures  but  they  are  not  satisfied  even  approximately  for  most 
other  systems.  Certainly,  the  theory  of  Ref.  4  is  not  applicable  to  noble  and  simple 
metal  spacers  with  conduction  electrons  mediating  the  coupling.  They  can  feel  the 
magnetization  in  the  ferromagnetic  layers  only  through  hybridization  with  the 

ferromagnet  d  bands  but  this  effect  was  not  included  in  the  theory  of  Ref.4. 

Clearly,  what  is  needed  to  describe  correctly  multilayers  with  transition, 

noble,  and  simpie  metal  spacers  is  a  unified  nonperturbative  theory  which  can  treat 
bound  and  propagating  states  on  the  same  footing  and  includes  hybridization  between 
sp  and  d  bands.  The  theory  should  be  based  on  a  fully  realistic  electronic 

structure  of  the  multilayer  constituents  and  should  not  contain  any  adjustable 
parameters.  The  purpose  of  this  contribution  is  to  describe  such  a  theory  and 
illustrate  its  detailed  application  in  the  case  of  (001)  Co/Cu  trilayer. 

The  interlayer  exchange  coupling  J  is  defined  as  the  total  energy  difference 
between  the  ferromagnetic  (FM)  and  antiferromagnetic  (AF)  configurations  of  the 
magnetic  layers.  It  might,  therefore,  seem  that  the  best  way  to  determine  J  is  to 
perform  first-principle  total  energy  calculations  for  the  FM  and  AF  configurations. 
This  requires  the  summation  of  all  electron  energies  in  the  multilayer  below  the 


Mai.  Rea.  Soc.  Symp.  Pros.  Vol.  313.  *TM3  Materials  Research  Society 


i 


1 


I 


5 


% 


172 


Fermi  level  E^.  However,  for  a  Co/Cu/Co  trilayer  with  a  spacer  of  some  N»20  atomic 
planes  of  Cu  the  exchange  coupling  J(N)  per  surface  atom  is  only  it 

follows  that  such  a  "brute  force"  approach  would  require  an  accuracy  which,  at 
present,  is  computationally  not  attainable.*  We,  therefore,  propose  an  alternative 
approach  based  on  a  generalixation  of  the  theory  of  Ref.4.  The  principal  idea  is  to 
formulate  a  total  energy  calculation  in  which  the  summation  over  one-electron 
energies  is  performed  analytically  rather  than  numerically.  It  will  be  shown  that 
this  is  possible  for  multilayers  with  thick  spacer  layers  (N>S-6)  in  which  the 
interlayer  exchange  coupling  is  dominated  by  just  a  few  "extremal"  states  at  E^. 

Although  the  proposed  method  is  applicable  to  any  multilayer,  we  consider  here 
trilayers  with  thick  ferromagn;^tic  layers  and  describe  their  electronic  structure 
by  canonical  tight-binding  bands. 

We  first  express  JIN)  in  terms  of  the  thermodynamic  potentials  for 

electrons  of  spin  s  in  the  FM  and  AF  configurations  of  the  trilayer 

JIN)  =  (IQtlN)  ♦  Qj,IN))^^  -  IOi,IN)  +  n4.IN))^^l/A,  ID 

where  N  is  the  number  of  atomic  planes  in  the  spacer  and  A  is  the  cross-sectional 
area.  The  thermodynamic  potential  for  a  given  magnetic  configtiration  at  temperature 
T  is  given  by 


n  IN)  =  -k, 


a 

rjinii  * 


expllp  -  E)/k  Tl>  »*|E.N)dE 


IZ) 


where  ft  is  the  chemical  potential  and  S^lE.N)  is  the  total  density  of  states  IDOS) 
for  particles  of  spin  s  in  the  trilayer  having  that  configtiration.  Because  of  the 
translational  invariance  in  the  direction  parallel  to  the  layers,  we  can  express 
I)®IE.N)  as 


»®IE.N)^ 


S®(E.k||.N) 


'3) 


where  -|1/«)J  TrlmG  IE,k||.N)  is  the  partial  DOS,  is  the  local  one-particle 

i 

Green  function,  the  summation  over  i  is  over  all  atomic  planes  in  the  trilayer,  the 
trace  is  over  all  atomic  orbitals,  and  the  wave  vector  k^  parallel  to  the  layers  is 

from  the  first  two-dimensional  Brillouin  zone.  ^ 

For  any  fixed  k^  the  calculation  of  S  thus  reduces  to  an  effective 

one-dimensional  problem.  Within  the  canonical  tight  binding  scheme,  the  spacer 
layer  differs  from  the  ferromagnetic  layers  only  by  its  atomic  potentials  and 

hopping  integrals,  and  its  effect  on  magnetic  carriers  of  a  given  spin  is, 

therefore,  equivalent  to  the  effect  of  a  quasi-onedimensional  potential  well. 
Because  there  is  a  finite  exchange  splitting  between  the  majority  and  minority 

bands  in  the  ferromagnetic  layers,  up-  and  down-spin  carriers  moving  across  the 

structure  experience  different  potential  wells  in  the  FM  and  AF  configurations  of 
the  trilayer.  We  clearly  have  two  symmetric  wells  of  different  depths  for  up-  and 
down-spin  carriers  in  the  FM  configuration  and  two  equivalent  asymmetric  wells  for 
particles  of  either  spin  in  the  AF  configuration. 

At  this  stage,  the  numerical  evaluation  of  for  a  fully  realistic 

tight-binding  band  structure  is  as  difficult  as  in  any  direct  total  energy 

calculation,  i.e.,  computationally  not  feasible.  The  key  observation  which  allows 

us  to  cai-ry  out  the  k^  and  energy  sums  In  analytically,  and  thus  render  the 

problem  tractable,  is  that  S*  oscillates  as  a  function  of  N.  The  physical  origin  of 

the  oscillations  is  easy  to  understand.  All  states  in  the  trilayer  can  be 

classified  into  propagating  states  and  bound  states  localized  in  the  spacer 


173 


potential  well.  The  bound  states  are  associated  with  delta  function  peaks  in  9  , 

and  they  cross  any  fixed  energy  E  one  by  one  as  the  thickness  N  of  the  spacer  is 

varied,  thus  leadi^  to  oscillations  in  9^.  In  fact,  this  is  the  mechanism  we 

originally  proposed  to  explain  the  oscillatory  exchange  coupling.  The  propagating 
states  do  not  dif.i'er  qualitatively  from  the  bound  states  since  they  can  be  regarded 
as  resonances  in  the  well  region  having  a  finite  lifetime.  When  the  spacer 

thickness  N  is  varM,  the  resonances  crossing  any  fixed  energy  E  give  rise  again 
to  oscillations  in  s.  Such  bound  states  and  resonances  have  been  observed*  using 
inverse  photoemission  in  Fe/Ag  and  Co/Cu  systems. 

The  essential  mathematical  device,  which  allows  us  to  treat  the  bound  states 
and  resonances  on  the  same  footing,  is  the  representation  of  the  average  partial 
DOS  (1/N)9  (E,k,N)  by  a  Fourier  series  in  N  (see  Ref. 9).  Using  the  Fourier  series 
representation,  Eq.(2)  becomes 


n®(N)a  -  ^  Re  I  dE  I  dk^c^E,k|,)  inll^^'^s^'l  exp  12inN^(E,k||)l  (4) 

n  -w  BZ 

where  x/3(E,k||)  is  the  oscillation  period  and  c®(E.k||)  is  the  Fourier  component  of 

9*/N.  The  n=0  term  gives  a  bulk  contribution  «  N  which  will  cancel  in  Eq.(l). 

For  neO  and  large  spacer  thickness  N,  the  imaginary  exponential  in  Eq.(4) 
oscillates  rapidly  as  a  function  of  k^  and  the  dominant  contribution  to  the 

integral  with  respect  to  k^  comes  only  f.'om  the  vicinity  of  the  points  k°  at  which 
the  period  reaches  an  extremum  as  a  function  of  k..  As  in  Ref.4.  we  can,  therefore, 
evaluate  both  the  k^  and  E  integrals  in  Eq.(4)  using  the  stationary  phase 

approximation.  This  leads  to  the  following  asymptotic  formula  for  the  oscillatory 
part  of  a“,  valid  for  large  spacer  thickness 


n®(N)=  -  -5— 


r  <r  G 

^  n 


<r  c;(p,k°)  exp  12inNp(p,k^)l , 


sinh  (2Nan«(afl/3E)k  Ti 

B  »  y 


Here,  or=i  when  both  second  derivatives  in  Eq.(5)  are  positive,  <r=-i  when  they  are 
negative,  and  <r=l  when  the  two  derivatives  have  opposite  signs.  All  the  derivatives 
are  taken  at  the  stationary  point  k||=k°,  for  E=p,  and  contributions  of  all  the 

stationary  points  must  be  included  in  Eq.(S).  It  should  be  noted  that  the 

oscillation  periods  and  the  temperature  dependence  of  each  £1^  are  determined,  as 
before,  by  the  spacer  FS.  It  follows  from  Eq.(l)  that  J(N)  oscillates  with  the  same 
common  periods  and  has  the  same  temperature  dependence  as  each  component  n*. 

The  result  of  substituting  Eq.(5)  into  Eq.(l)  is  identical  with  the 

a|}rmptotic  formula  obtained  in  Ref.4  except  for  the  appearance  of  the  factors 
c^(fi,k||).  However,  the  change  this  new  term  brings  is  fundamental  since  we  have  now 

removed  the  constraints  of  complete  confinement  and  perfect  alignment  of  down-spin 
bands  across  the  triiayer  imposed  in  Ref.4  .  Moreover,  since  Eq.(5)  is  valid  for  an 
arbitrary  tight-binding  band  structure,  and  that  includes  sp-d  hybridization,  not 

only  transition  but  also  noble  and  simple  metal  spacers  can  be  treated  by  the  same 
unified  method. 

The  great  advantage  of  calculating  J(N)  from  Eq.(5)  is  that  we  have  a 
nonperturbative  total  energy  calculation  but  the  prohibitive  computational  effort 

involved  in  evaluating  the  Brillouin  zone  and  energy  sums  has  been  completely 
eliminated.  In  fact,  we  only  need  to  know  the  one-particle  states  of  the  trilayer 
at  E=(i  in  a  small  neighborhood  of  the  parallel  wave  vector  k°  at  which  the 

oscillation  period  of  S  reaches  its  extremum. 

First  of  all,  we  need  to  determine  the  oscillation  period  n/3(p,k°).  It  can 

be  proved  quite  generally  that  the  period  is  a  property  of  the  spacer,  independent 
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of  the  ferromagnetic  layers.  For  example,  for  th^  (001)  Co/Cu  long-period 
oscillations  used  here  to  illustrate  our  theory,  0(p,k|)  is  simply  the  extremal 

dimension  of  the  Cu  in  the  direction  perpendicular  to  the  layers  associated  with 
the  FS  extremum  at  k|»0  (see  Ref. 5).  It  follows  that  the  mixed  second  derivative  in 

Eq.(S)  can  be  obtained  from  the  FS  curvature  at  k^^O  which  is  readily  available  for 

bulk  Cu.  For  m^re  complicated  systems  for  which  the  extremal  period  is  not  known  in 
advance,  g(M,k|)  can  be  always  determined  numericedly  together  with  its  local 

dependence  on  k^  from  a  slab  electronic  structure  calculation. 

The  next  problem  is  to  calculate  the  Fourier  components  c^{ti,k°)  of  the 

partial  DOS  9^  which  contains  all  the  information  about  hybridization  and  matching 
of  the  bands  across  interfaces.  It  is  this  term  which  controls  the  overall  coupling 
strength  for  each  ferromagnet-spacer  combination.  To  determine  S  ,  we  only  need  Jo 
examine  for  both  FM  and  AF  configurations  how  the  extremal  states  with  £=4,  't||=k||. 

and  s».(,,^  evolve  across  the  trilayer  in  the  direction  perpendicular  to  the  layers. 

It  is  important  to  note  that  well  away  from  the  spacer-ferromagnet  interface  the 
trilayer  extremal  states  must  evolve  into  the  bulk  states  in  the  spacer 
(ferromagnet)  having  the  same  energy,  k^,  spin,  and  symmetry. 

We  can  notv  proceed  with  our  calculation  of  JIN)  for  (001)  (^Cu  trilayer. 
There  is  only  one  Cu  band  in  the  lOOll  direction  intersecting  the  FS.  It  hybridizes 
with  the  d  band  of  symmetry  and  it  follows  from  the  above  argument  that  it  is 

only  these  two  bands  in  Cu  and  the  two  bands  of  the  same  symmetry  in  fee  Co  that 
determine  the  coupling.  We  can,  therefore,  describe  the  electronic  structure  of  the 
(001)  Co/Cu  trilayer  by  two  hybridizing  tight-binding  bands.  The  atomic  levels  E^, 

E  ,  hopping  integrals  t  ,  t  and  hybridization  parameters  t  ^  are,  of  course, 
different  for  the  Co  and  Cu  layers  and  they  also  have  different  values  for  and  ^ 

spin  bands  in  Co.  We  have  assumed  the  same  set  of  tight-binding  parameters  for  all 
atomic  planes  within  each  layer  which  amounts  to  the  assumption  of  an  abrupt 
interfacial  potential.  This  assumption  can  be  easily  relaxed  and  self-consistent 
potentials  can  be  used  in  a  future  calculation.  In  the  present  calculation,  the 
tight-binding  parameters  for  each  layer  were  determined  from  the  best  fit  to  the 
bulk  bands™  of  Cu  and  fee  Co.  (Geometric  means  were  used  for  all  interfacial 
hoppings.)  The  bands  employed  in  our  calculation  of  J(N)  are  shown  in  Fig.I. 

Co  Cu  Co 


Fig.I.  Bands  in  Co.^  (solid  line),  Coj,  (broken  line),  and  Cu  which  determine  the 
exchange  coupling  in  (001)  Co/Cu  trilayer. 
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Given  the  local  tisht-binding  parameters,  the  one-electron  Green  function  in 
each  atomic  plane  was  determii^  by  the  method  of  adlayers.  '  The  sum  of  its 
diagonal  matrix  elements  G*^(p,k|,N)  over  the  two  orbitals  and  over  ail  the  atomic 

planes  In  the  spacer  was  then  taken  to  obtain  the  average  paniai  DOS  (1/N)9^.  As 
expected,  (l/Nls  is  a  periodic  function  of  N  and  we  Fourier-anlyzed  it  in  the 
interval  S00aNa600  to  obtain  the  Fourier  compmmits  c^(p,k|).  (Large  N  was  chosen 

to  eliminate  interfacial  contributions  a  N~'.)  The  FS  curvature  at  k|SO  for  Cu  was 

determined  using  the  data  of  Ref.  12  and  the  derivative  dE/30  was  evaluated 
analytically  for  the  two-orbital  band  s^-ucture  of  Cu.  With  all  these  quantities 
now  available  it  is  easy  to  determine  Q°(N)  from  Eq.(5)  for  both  the  FU  and  AF 
configurations  of  the  (001)  Co/Cu  trilayer.  These  partial  at  zero  temperature 

are  shown  in  Fig.2.  As  predicted,  they  all  oscillate  with  the  same  period  of  aio.sA 


N 


Fig.2.  Dependence  of  the  partial  n®  on  the  number  of  (001)  Cu  planes. 

which  is  somewhat  shorter  than  the  observed  period'^  of  alsA.  Finally,  the 
dependence  of  the  exchange  coupling  J(N)  on  the  number  of  Cu  (001)  planes  was 
obtained  from  Eq.(l)  and  is  shown  in  Fig.3. 


Fig.3.  Exchange  coupling  for  (001)  Co/Cu  trilayer  associated  with  k||=0  extremum. 
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Apart  from  the  assun^ition  of  an  abrupt  interface,  the  calculation  we  have 
decribed  is  asymptotically  exact  for  a  thick  spacer  with  noninteracting  electrons. 

In  particular,  our  approximation  of  the  electronic  structure  of  Co  and  Cu  by  two 

hybridized  bands  is  asymptotically  exact  for  the  purpose  of  calculating  the 
interlayer  couplii^.  However,  it  would  be  premature  to  expect  perfect  agreement 
between  our  preliminary  calculation  and  the  experiment.'  We  have  included  only  the 
contribution  to  J(N)  of  the  Cu  FS  extremum  at  k°-0  (belly)  leading  to  a  long 

oscillation  period  but  there  should  be  ^comparable  contributions  from  the  other  four 
extrema  associated  with  the  FS  necks  which  lead  to  a  shorter  oscillation  period. 
It  is,  therefore,  not  surprising  that  the  maximum  coupling  strength  we  obtain 
(ao.lerg/cm^l  is  about  1/5  of  the  observed  strength'  (W).6erg/cm*).  New 
calculation  including  the  neck  contributions  as  well  as  calculations  for  the  (Oil) 
and  (111)  orientations  are  now  in  progress.  ^ 

Finally,  it  is  interesting  to  note  that  all  the  partial  Q  (N)  have  a  much 

larger  amplitude  (a0.4erg/cm^)  than  the  final  coupling  J(N)  which  is  the  result  of 
a  delicate  balance  between  the  Q^(N)  in  the  ra  and  AF  configurations.  It  is 
conceivable  that  the  balance  may  ctiange  somewhat  when  self  -consistent  interfacial 
potentials  (rather  than  our  abrupt  interface  model)  are  used  and  that  could  alter 
both  the  strength  and  phase  of  the  exchange  coupling.  We  intend  to  investigate  this 
factor  as  well  as  the  related  effect  of  interfacial  roughness  on  the  coupling. 
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ABSTRACT 

The  origin  of  oscillatory  interlayer  coupling  \ia  Cu  is  explored  in  spiiiicrerl  Co/Cu 
multilayers  by  varying  the  hole  concentration  in  the  copper  layers  by  doping  with  ele¬ 
ments  of  different  valence.  Detailed  studies  were  carried  out  lor  a  scries  of  Cu-Ni  al¬ 
loys.  The  oscillation  period  of  pure  Cu  is  observe!  to  increase  monolonically  «ifh 
increasing  Ni  concentration  and  is  almost  doubled  for  40  atomic  %  Ni  The  incie.ase 
in  oscillation  period  can  be  accounted  for  by  considering  changes  in  the  lopologt  nf  the 
Fermi  surface  of  the  alloy  resulting  from  the  change  in  band  filling. 

INTRODUCTION 

The  detailed  origin  of  the  magnetic  coupling  of  thin  magnetic  layers  via  inleivening 
thin  metallic  spacer  layers  is  a  subject  of  considerable  intercsi[|-9J.  For  manv  tran¬ 
sition  and  n.  'e  metal  spacer  layers  the  magnetic  exchange  coupling  is  found  to  oscil¬ 
late  back  and  forth  between  ferromagnetic  and  antiferromagnclic  coupling  as  the 
spacer  layer  thickness  is  increased[2-4].  Whether  or  not  the  coupling  can  l>e  .ac¬ 
counted  for  within  the  well  known  Rudcrman-Kittel-Kasuya-Yosula  (RKKY) 
modcl[IO,  1 1  ]  is  a  subject  of  considerable  tiebale. 

In  RKKY  mtKiels  the  oscillation  peruxi  is  related  to  the  inverse  magniitule  of  wave- 
vectors  along  the  multilayer  direction  connecting  states  at  the  Fermi  surface  with  an- 
tiparallcl  Fermi  velocities.  Certain  experimental  results  aredifFicult  to  tcconcile  within 
simple  RKKY  models.  Firstly  a  '■ommon  oscillation  perf'd  of  ~8  to  I2A[4J  is  ob- 
.served  in  most  metals  with  the  exception  oi  Cir2,  5-7]  even  though  the  topology  of  the 
Fermi  surface  varies  considerably  from  metal  to  metal.  9rron<lly  the  interlayer  cou¬ 
pling  strength  is  found  to  increase  systematically  with  d  banti  Filling  of  the  spam  layer 
metal  for  the  .fd,  4d  and  5d  transition  ntclals[4J.  although  within  RKKY  trcaliiiriils 
the  strength  of  the  coupling  is  also  expected  to  dcpcnvl  on  the  detailed  Fermi  surface 
topology. 

Theoretical  predictions  of  the  oscillation  period  and  coupling  strength  along  principle 
crystallographic  axes,  based  on  experimentally  determined  bulk  Fermi  surfaces,  have 
been  carried  out  for  the  noble  metals,  Cu,  Ag  anti  An  vvithin  a  simple  RKKY  Ireai- 
menl[l2,  1.5].  Such  predictions  can  be  tested  by  examining  the  oscillation  periivd  and 
coupling  strength  along  different  crystallographic  orientations  of  nuillilaycrs  contain¬ 
ing  these  metals.  This  requires  the  growth  of  single  crystal  or  highly  oriented  multi¬ 
layers  along  several  different  crystal  axes.  Cu  is  the  only  spacer  layer  for  which  the 
orientation  dependence  of  the  coupling  has  been  studied  in  detail.  The  coupling  has 
been  measured  in  experiments  on  crystalline  Fc/Cu  and  Co/Cu  multilayers  oriented 
along  [ICK)|[9,  14,  15]  anti  [II0][I6].  Siniil.nr  long  oscillation  periods  of 
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Saturation  magnciorc.^ii^lanre  vervt^  fipaci*r  layer  thu  kne^r  for  .%ene^  of  mu/iitayrrs  of  ihe  form. 
.V,(l(10)/,M»A/'>/tloAC’..iri(|  ,;V/.f/,)|,./l«)Afn/2.sAr//™  .Ni..  for  r-  ■#  //.'  U  on<i  4! 
atomic  %. 

cs:ll  to  12A  arc  fmind  which,  while  in  rcason.ahic  agrcomcni  wiih  ihc  calculated  peri¬ 
ods,  arc  not  suITicicntly  dissimilar  to  provide  a  slrioKcnl  test  of  the  thcorv. 

A  more  stringent  lest  of  predictions  of  RKKY  theory  is  provided  hv  cyperiments  in 
which  the  electron  concentration  in  Cii  is  varied  by  substituting  Cu  with  elements  with 
lower  or  higher  valence  electron  concentrations.  i  his  is  expected  to  Ir.ad  to  substanli.d 
changes  in  the  oscillation  period.  In  this  paper  we  discuss  coupling  \  ia  seM'i.al  dilTri- 
ent  Cu  alloys  but  in  particular  Cu-Ni  alloys. 

EXPFRIMKNTAL  DETAILS 

The  samples  in  this  study  were  prepared  by  dc  magnetron  sputtering.  The  samples 
were  deposited  at  ~40C  onto  chemically  etched  1  inch  diameter  Si(IOO)  vvaTcrs  which 
had  a  native  oxide  ~I0-20A  thick.  Ihc  samples  were  sputlci -deposited  in 
i.lmTorr  Argon  at  ~2A/r,  The  Cu  alloy  comp<»sition  was  measured  on  nominally 
lOOOA  thick  calibration  films  using  electron  microprobc  analysis  with  an  accuracy  of 
~  ±^atomir''/„.  The  composition  of  the  films  was  founrl  to  Ire  uniform  acioss  Ihc  one 
inch  wafers  used  and  no  composition  variation  was  found,  to  within  experimental  ac¬ 
curacy,  from  run  to  run.  A  wide  range  of  Cr/|  alloy  spacer  layers  were  studied 


atomic  X  Ni 

I'ifiure  2 

Position  of  tin*  first  and  second  A  P  peaks  versus  Ni  conccntrafom  dciived  fiom  the  dofii  in  liguie 
1.  The  vertical  bars  correspond  (o  the  full  width  at  half  ntaximurn  of  the  Af  prok^. 

including  alloys  with  Al,  Mn,  Fe,  C.'o,  Ni,  Ge,  Rii.  Rh.  r<l,  Ag.  Pi  and  An.  Results 
will  be  discussed  only  for  multilayers  containing  magnetic  layers  of  Co.  ^nlifelro- 
magnetic  coupling  of  the  Co  layers  was  observed  for  each  of  these  alloys  up  to  a 
maximum  concentration  which  varied  widely  with  the  different  elements.  The  multi¬ 
layers  were  deposited  on  ~,M)A  thick  Fe  buffer  layers,  which  we  have  prev  iously 
shown  enhances  the  structural  perfection  of  the  multilayers  for  these  growth 
conditions[l7].  The  resistance  of  the  samples  was  measured  using  a  four  in-line  civn- 
tacl  geometry  with  gold-plated  spring  contacts  and  a  low  frequency  ac  lock-in  mcthorl. 
The  saturation  magnctorcsistancc,  MR  is  dcFined  as  the  maximuio  lesislancc  variation 
observed  in  the  Field  range  examined  (typically  ±l6^r)e.  which  was  surTicicni  in  all 
cases  to  saturate  the  change  in  icsistancc)  divided  by  the  high  Field  tcsistan(c[2].  The 
MR  was  measured  with  the  field  in-plane  anri  aligned  orthogonal  to  the  sensing  cur¬ 
rent. 


EXPERIMENTAL  RESULTS 

Substitution  of  Cu  with  elements  from  the  same  column  In  the  periodic  table.  Ag  and 
Au,  should  not  substantially  alter  the  electron  concentration  of  Cu.  Thus  no  signif¬ 
icant  effect  on  the  oscillation  periorl  is  cxpecifd.  Oscillatory  coupling  was  observed  foi 
Cu  doped  with  substantial  Au  concentrations  exceeding  ?.“)  atomic  %  Au.  Well  de- 
Fmed  oscillations  in  magnetorcsistance  arc  observed  similar  to  those  found  for  samples 
prepared  under  similar  conditions  with  pure  Cu  spacer  layers[.X]  No  significant 
change  in  the  oscillation  period  in  Cu-Au  alloys  was  observed.  In  contrast  significant 
increases  in  the  oscillation  period  was  found  by  doping  Cu  with  Ni  which  has  one  less 
electron.  Even  larger  increases  in  the  oscillation  perimi  per  atomic  %  dopant  were 
obtained  by  doping  Cu  with  Fe  which  has  a  lower  valence  still. 

The  Cu-Ni  system  was  studied  in  detail  for  the  following  reasons.  First,  Cu  and  Ni 
are  both  fee  and  have  similar  lattice  parameters.  Second.  Cu  and  Ni  arc  completely 
soluble  in  one  another  over  the  complete  composition  range  from  pure  Cu  to  pine  Ni. 
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Figure 

f  a)  Oxrillalinn  period  ver.^ut  Mi  rnmenlrnlinn  olong  the  ( 1 1 1  i  orirnlioii,  eolnilnicd  in  llie  ligifl 
hand  and  inlerpnialed  hand  nproxinnuiunx.  and  l  oniparhon  iviili  the  mrn^urrd  period 
hh)  Oxcillalian  period,  calculated  witltin  the  inlerpnialed  hand  approxintation.  along  the  III  ), 
( 1 10)  and  ( 100)  orienialionx. 

Finally  Cii-Ni  alloys  remain  paramagnelic  for  Ni  conccniraiions  up  to  ~ss,7r.",',  in 
i’ulk  alloys[l8,  19],  In  contrast  Fc  is  only  weakly  soluble  in  Cii  and  morrovci  dciol- 
ops  a  magnetic  moment  even  for  dilute  Fc  conccntrations[|9]. 

The  dependence  of  MR  on  spacer  layer  thickness  is  shown  in  Fig,  I  for  mulidaycrs 
containing  0/|  ,Ni,  alloys  with  x  ranging  from  0  to  42  at.‘’/ii.  For  dilute  Ni  concen¬ 
trations  three  oscillations  in  MR  arc  observed,  for  up  to  r~2^ai.y„Ni  two  oscill.ations 
arc  observed  and  for  still  higher  Ni  concentrations  only  one  AF  peak  is  found.  The 
data  clearly  show  that  the  position  of  the  First  and  sc<  ond  AF  peaks  arc  systematically 
shifted  to  thicker  spacer  layers  with  increasing  Ni  concentration.  The  position  of  the 
center  of  these  peaks  is  shown  vcisus  Ni  concentration,  s.  in  f  ig.  2.  I>cnning  the  os¬ 
cillation  pcriorl  P,  as  the  difference  in  posiiinn  of  these  peaks.  P  is  found  to  incicase 
monotonically  with  x  (sec  Fig.  .1)  Also  incliide<l  in  fig  2  is  the  full  wldih  .m  Imlf 
maximum  of  the  AF  peaks.  As  expected,  ns  P  increases  the  width  of  the  peaks  alsn 
increases. 

THEORETICAL  RESULTS 

The  banri  structures  and  Fermi  surfaces  of  fee  i  n,  ,Ni,  solid  subslilulional  solutions 
were  calculated  loing  two  approximations,  a  rigid  banri  moilcl  and  a  simple  interpo¬ 
lation  scheme  between  paramagnetic  Ni  and  Cu  bulk  band  structures.  .Since  a  Ni 
atom  has  one  less  valence  electron  than  a  Cu  atom,  the  effect  of  replacing  Cu  by  Nr 
atoms  is  to  change  the  detailed  nature  of  the  band  structure,  at  the  same  time  lowering 
the  Fermi  level.  For  relatively  small  concentrations  of  Ni,  the  change  in  band  struc¬ 
ture  can  be  ignored  (rigid  band  model),  and  only  the  lowering  of  the  Fermi  lc\  el  can 
be  taken  into  account.  This  model  is  likely  to  be  a  reasonable  approximation  for  verv 
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"linnll  Ni  Liinccnlrntion'.,  but  for  hiphci  Ni  CKnccnli.'itinn-;  ilic  ligul  bnml  nuxlol  brc.'iks 
il(ivvn[2() ). 

A  more  rc.ilislic  morlcl  was  uscrl  in  W'hich  the  rcimi  siiifaecs  «ctc  trilciilalcd  by  line¬ 
arly  inlei |iolaling  between  the  paramagnetic  band  structiiies  for  Ni  aiul  C  n  leporied 
by  Papaconstantop(ni|os[2l  ].  IKing  his  empirical  tight-binding  band  stniciiires.  that 
were  fitted  to  rirst-principics  band  calciilalions[2l  ],  the  r'cin.i  surface  was  generated 
over  a  very  fine  mesh  I00()  points  in  a  plane),  Fermi  surface  cross-sections  were 
calculated  in  the  [1 10]  plane  for  pure  Ni.  pure  Cn,  ami  seveial  intermediate  compos¬ 
itions  (x  "2.S,  .‘>0  and  7.S  at.%).  The  Fermi  surfaces,  which  aiise  predominantly  fiom 
the  sp  band,  arc  similai  .  In  the  Ni-rich  region,  there  are  also  small  conti  ibntions  from 
the  d  bands,  but  these  are  ignored  since  the  experiments  arc  focussed  on  non-ferro¬ 
magnetic  Cu-rich  alloys.  Adjacent  dog-bone  orbits  touch  for  Ni  but  are  sepaiatcd  for 
Cii  due  to  the  necking  in  the  fill]  directions.  To  illiisiiale  the  difference  between 
rigid-banri  and  virtual-crystal  models,  we  note  that  the  necks  disappear  at  about  It) 
at.‘'/n  Ni  in  the  former  and  at  100  at.®>>  Ni  in  the  latter. 

Before  discussing  our  theoretical  predictions,  we  note  that  the  electronic  stiiiclute  of 
substitutional  alloys  can  be  described  by  mote  rigorous  models,  c.g.,  the  areiagc  I- 
matrix  .approximation  (ATA)  and  the  coherent  potential  approximation 
(CPA)[20,  22J.  However,  these  mote  elaborate  tiealments  would  lead  to  essentially 
the  same  physical  pictures  as  does  the  interpolated  banri  model  in  the  present  appli¬ 
cation,  and  so  were  not  pursucrl  further.  Moreover,  out  calculated  xnriaiion  of  the 
neck  diameter  is  in  unexpectedly  gotnl  agreement  with  that  «>f  the  much  mote  elaborate 
KKR-CPA  calculations  of  [20J.  Note  also  that  our  model  is  applicable  only  to  the 
non-magnclic  range  of  alloy  compositions. 

I  hc  oscillation  periods  arc  obtained  from  the  calculated  band  struclittc  as  ilcscribed 
clscwherc[l2,  2.1],  The  calculated  periods  for  the  (1 1 1)  orientation  versus  Ni  concen¬ 
tration  arc  displayed  in  Fig.  .''(a)  for  the  rigid  band  and  inicrpolaterl  band  approxi¬ 
mations,  together  with  the  experimental  results  of  Fig.  2.  Apart  from  a  nearly 
constant  offset,  the  experimental  results  are  in  good  agreement  with  the  interpolated 
banil  approximation  predictions.  As  expected  the  rigid  band  model  gives  poor  results 
for  Ni  rich  compositions.  Fig.  ."'(b)  shows  results  calculated  within  the  inlcipolaied 
band  approximation  foi  the  long  periods  in  the  three  orientations.  (Ill),  (100)  and 

(1 10) .  The  largest  variation  in  P  is  found  along  the  (III)  orientation,  for  u  Mich  p  in¬ 
creases  rapidly  with  Ni  conccntialion. 

The  variation  of  oscillation  period  with  x  in  the  (1 10)  rlircciion  i'  |  redicteil  to  be  sim¬ 
ilar  to  that  for  (I  I  I  )  althotigh  the  rate  of  increase  is  slightly  smaller.  Moreover,  in  this 
case,  the  strength  of  the  coupling  is  not  expccicrl  to  be  significantly  effeeieil  by  the 
change  in  the  Fermi  surface  topology,  since  the  Fermi  velocity  remains  collinear  to  (he 
spanning  wave-vector.  In  contrast  to  the  (III)  and  (1 10)  orientations,  the  calctdation 
predicts  only  a  slow  decrease  of  the  periovi  for  the  flOO]  orientation  with  increasing 
Ni  concentration. 

CONCI.I/SIONS 

In  summary  we  have  shown  that  the  period  of  oscillatory  coupling  via  Cu  in  sputtcrcvl 

(111)  textured  Co/Cu  multilayers  is  significantly  incrcaseri  by  doping  ('u  with  Ni  or 
Fe.  These  elements  which  ha'c  lower  valences  than  Cu  cause  significant  changes  in 
the  average  Fermi  surface  of  the  alloy.  In  contrast  substitution  of  Cu  with  elements 
of  the  same  valence  such  as  Au  have  much  smaller  effects  on  the  oscillation  period. 


consistent  with  the  sninll  (lifrerences  in  Fermi  sin  Hues  ol  tltese  met.ils.  the  Fetini 
surface  of  several  Cu-Ni  alloys  were  calculateil  within  an  inierpolaied  hainl  approxi¬ 
mation,  The  oscillation  pcrioil  in  the  (III)  orientation  dcrivcil  from  the  calculateil 
Fermi  surfaces  are  in  good  agreement  with  the  experimental  observations. 
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ABSTRACT 


The  magnetoresistive  properties  of  sputtered  Ni^.fe.j/Ag  multilayers 
have  been  investigated  as  a  function  of  both  Ag  and  NiFe  layer  thicknesses 
and  thermal  treatments.  For  the  virgin  sample,  the  magnetoresistance  (MR) 
ratio  at  room  temperature  goes  through  a  maximum  of  17%  for  a  Ag  thick¬ 
ness  of  about  11  A.  In  addition,  the  R{H)  curve  is  found  to  be  perfectly 
linear  and  reversible.  Contrary  to  the  MR  ratio,  the  saturation  field  is 
observed  to  decrease  continuously  as  the  Ag  thickness  increases,  leading 
to  an  increasing  slope  of  the  R(H)  curves.  Upon  annealing,  we  observe  both 
an  increase  of  the  HR  ratio  and  a  decrease  of  the  saturation  field,  lea¬ 
ding  to  a  three  fold  increase  of  the  MR  slope  for  annealing  temperatures 
of  280*C.  Such  a  behavior  appears  to  be  highly  dependent  on  the  layer 
thicknesses. 


INTRODUCTION 


The  possible  use  of  magnetically  coupled  multilayers  as  magnetore¬ 
sistive  read  heads  has  stimulated  a  large  amount  of  work  in  the  recent 
years.  In  all  these  systems,  there  exists  a  critical  thickness  of  the 
non-magnetic  layer  through  which  anti  ferromagnetic  coupling  takes  place 
between  magnetic  layers  [1,2].  Under  the  action  of  a  magnetic  field,  this 
coupling  can  be  overcome,  the  relative  orientations  of  the  magnetic 
moments  in  successive  layers  being  changed  from  anti -paral lei  to  parallel. 
Such  a  rotation  of  the  magnetizations  modifies  the  spin  dependent  scatte¬ 
ring  of  the  conduction  electrons  and  leads  to  a  decrease  of  the  electrical 
resistivity  [3-5].  As  far  as  applications  are  concerned,  such  structures 
must  present  large  resistance  changes  at  low  fields  with  a  R(H) 
characteristic  curve  as  linear  and  reversible  as  possible.  In  addition, 
these  structures  must  also  be  thermally  stable.  None  of  the  different 
systems  studied  up  to  now  seem  to  meet  all  these  requirements,  as  for 
example  the  NiFe/Cu  multilayers  in  which  large  field  sensitivities  have 
been  obtained  but  with  a  rather  poor  thermal  stability  [6]. 

We  present  here  results  obtained  on  Nig^Fe,g/Ag  multilayers  prepared 
by  sputtering.  We  show  that  replacing  19%  nickel  by  iron  leads  to  a  very 
large  enhancement  of  the  magnetoresistance  (MR)  effect  at  room  temperature 
compared  to  Ni/Ag  multilayers  [7],  the  MR  ratio  reaching  17%  with  a  sa¬ 
turation  field  as  small  as  300  Oe,  corresponding  to  a  d(i3R/R)/dH  slope  of 
56%  per  kOe.  Even  larger  initial  slopes  can  be  obtained  for  samples  in 
which  the  Ag  layer  thickness  does  not  correspond  to  the  maximum  MR  ratio. 
In  addition,  the  R(H)  curve  is  found  perfectly  linear  and  reversible  in 
the  whole  range  of  applied  fields.  Annealing  treatments  improve  the  MR 
properties,  through  both  increase  of  the  MR  ratio  and  decrease  of  the 
saturation  field.  This  leads  to  a  three-fold  increase  of  the  MR  slope  for 
annealing  temperatures  of  280*C  [8]. 
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EXPEKIMENTAL  SECTION 


The  samples  were  prepared  by  dc  sputtering,  by  depositing  sequen¬ 
tially  Ag  and  Nig,Fe,„  layers  onto  glass  substrates  kept  at  a  temperature 
of  100  K,  the  thicknesses  of  individual  layers  being  controlled  by  a 
quartz  monitor.  Samples  were  prepared  in  the  form  of  ribbons  3  x  25  mm 
with  a  total  thickness  of  either  0.5  or  5  pm,  the  thin  samples  being 
adherent  to  their  glass  substrate,  whereas  the  thick  ones  detached  sponta¬ 
neously  from  the  substrate  after  heating  to  room  temperature.  The  struc¬ 
tural  quality  and  periodicity  were  checked  by  both  small -angle  and  large- 
angle  X  ray  diffraction  in  symmetric  reflection  geometry  using  radia¬ 
tion.  Diffraction  spectra  were  found  typical  of  (111)  textured  samples, 
with  a  coherence  length  along  the  growth  direction  larger  than  200  A. 

The  elect' -cal  resistivity  was  measured  with  a  standard  four-probe 
method,  the  connecting  wires  being  spot-welded  on  the  sample.  The  magnetic 
field  was  applied  in  the  plane  of  the  layers,  perpendicular  to  the  current 
direction.  Finally,  the  magnetization  curvps  "pacured  using  a  SQUID 
m-igno* — .tgr  between  4.2  and  300  K  with  the  field  applied  parallel  to  the 
sample  plane. 


AS-PREPARED  SAMPLES 


Figure  1  presents  the  variations  of  the  MR  ratio  and  saturation  field 
with  silver  thickness  at  room  temperature.  The  MR  ratio  is  defined  as  the 
resistance  change  between  zero  and  high  field  divided  by  the  resistance  at 
high  field.  The  peak  in  magnetoresistance  is  quite  sharp  (FWHM  =  3.5  A) 
and  gives  a  maximum  MR  ratio  of  about  17%  for  11  A  of  silver.  This  posi¬ 
tion  is  similar  to  the  one  observed  in  pure  Ni/Ag  multilayers  [7,9],  but 
the  amplitude  is  much  larger  here,  since  Ni/Ag  multilayers  with  the  same 
thickness  of  the  magnetic  layer  give  a  maximum  MR  ratio  of  about  5%  at 
room  temperature.  On  the  contrary,  the  saturation  field  does  not  go 
through  a  maximum  for  11  A  of  silver,  but  rather  monotonously  decreases  as 
the  Ag  thickness  increases,  from  about  460  Oe  for  10  A  to  135  Oe  for  12  A. 
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Figure  I:  Maximum  magneto - 
resistance  ratio  (open 
circles)  and  saturation 
field  (crosses)  as  a  func¬ 
tion  of  Ag  layer  thickness 
for  a  (NiFe  12.5  A/Ag  t^^) 
sample  at  300  K. 
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This  leads  to  a  maximum  slope  of  the  R(H)  curves  which  is  shifted  towards 
larger  thicknesses  compared  to  the  maximum  MR  ratio.  The  same  behaviour  is 
observed  at  low  temperature.  Taking  into  account  the  small  width  of  the  HR 
peak,  experiments  with  a  much  smaller  step  in  Ag  thickness  are  underway  in 
order  to  confirm  such  a  behaviour. 

Figure  2  compares  the  field  variations  of  magnetization  and  magneto¬ 
resistance  for  a  (NiFe  12.5  A  /  Ag  10.5  A)  sample  at  4.2  and  300  K.  At 
room  temperature,  the  magnetization  curve  (Fig.  2a)  saturates  in  a  field 
of  about  300  Oe,  the  saturation  field  increasing  to  900  Oe  at  4.2K.  At 
this  temperature  the  magnetization  curve,  although  as  reversible  as  was 
the  case  at  300  K,  does  not  start  from  zero  at  zero  field.  This  supplemen¬ 
tary  contribution  has  been  recently  studied  in  details  by  means  of  magne¬ 
tization  and  neutron  scattering  experiments  [10].  The  obtained  results  are 
to  be  in  very  good  agreement  with  a  model  in  which  a  supplementary  biqua¬ 
dratic  contribution  to  the  total  energy  is  considered  in  addition  to  the 
conventional  bilinear  one.  From  this  model  one  finds  that  the  equilibrium 
spin  configuration  at  low  temperature  corresponds  to  an  angle  of  about 
140‘  between  the  magnetic  moments  in  adjacent  NiFe  layers,  this  angle 
reaching  180*  beyond  100  K.  It  thus  appears  that  such  a  zero  field  contri¬ 
bution  to  the  magnetization  at  low  temperature  does  not  arise  from  macros¬ 
copic  inhomogeneities,  but  rather  from  some  sort  of  competition  between 
ferromagnetic  and  anti  ferromagnetic  interactions  at  a  microscopic  scale. 

The  variation  of  the  electrical  resistance  with  applied  field 
(Fig.  2b)  is  totally  consistent  with  the  magnetization  results,  since  it 
is  also  reversible  and  gives  saturation  fields  which  agree  with  those 
measured  on  the  magnetization  curves.  An  important  point  is  that  the  field 
dependence  is  found  to  be  practically  linear,  especially  at  room  tempera¬ 
ture.  Finally,  the  HR  ratio  is  found  to  decrease  from  50%  at  4.2  K  to  17% 
at  300  K.  This  corresponds  to  a  MR  slope  of  56%  per  kOe  for  both  tempera¬ 
tures,  more  than  twice  the  highest  reported  one  in  magnetically  coupled 
NiFe/Cu  multilayers  [6]. 
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figure  Z:  Magnetization  (a) 
and  magnetoresistance  (b) 
curves  for  a  (NiFe  72.5  4  / 
Ag  10.5  A)  sample  at  4.2  K 
(full  lines)  and  300  K  (da¬ 
shed  lines). 
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ANNEALING  EFFECTS 


In  order  to  characterize  the  thermal  evolution  of  the  magnetoresis¬ 
tance  properties,  we  have  •I’eacured  the  field  variation  of  the  electrical 
resistance  at  room  temperature  after  annealing  for  5  min.  at  different 
temperatures  up  to  340'C.  The  variation  of  the  MR  ratio  and  saturation 
field  with  annealing  temperature  are  very  different,  as  shown  in  Figure  3 
for  a  (NiFe  12.5  A  /  Ag  10.5  A).  The  saturation  field  is  almost  constant 
up  to  lOO'C,  and  then  starts  decreasing  monotonously  down  to  zero  for 
annealing  temperatures  of  about  340*C.  On  the  contrary,  the  MR  ratio  goes 
through  a  maximum  of  24.1%  at  240“C,  before  it  drops  down  to  about  zero 
at  340"C.  It  must  be  noted  that  the  R{H)  curves  are  found  perfectly  linear 
and  reversible  whatever  the  annealing  temperature. 

Figure  4  gives  the  variation  with  annealing  temperature  of  the 
d(^/R)/dH  slope  for  two  samples,  the  first  one  with  a  Ag  thickness  cor¬ 
responding  to  the  maximum  MR  ratio  before  annealing  (NiFe  12.5  A  /  Ag  10.5 
A),  and  the  second  one  to  thicker  Ag  and  NiFe  layers,  that  is  (NiFe  17  A  / 
Ag  12.5  A).  For  the  first  sample,  the  slope  (determined  from  the  results 
given  in  Fig.  3)  is  almost  constant  up  to  about  150°C,  and  then  starts 
increasing  sharply  up  to  165%  per  kOe  for  annealing  temperatures  of 
280*C.  This  maximum  is  shifted  to  higher  temperature  with  respect  to  the 
one  of  the  MR  ratio  (Fig.  3)  because  of  the  decrease  of  the  saturation 
field.  These  results  show  that  the  MR  properties  of  the  NiFe/Ag  multi¬ 
layers  are  not  only  stable  against  temperature,  but  improve  up  to  quite 
high  annealing  temperatures.  In  addition,  because  of  the  parallel  thermal 
variations  of  both  MR  latio  and  saturation  field,  it  must  be  noted  that 
the  sensitivity  is  practically  independent  of  temperature,  from  well  below 
room  temperature  up  to  280*C  for  annealed  samples. 

The  behaviour  of  the  second  sample  is  found  different.  The  initial 
slope  is  larger  than  that  of  the  first  sample  (because  of  the  larger  Ag 
thickness)  and  the  maximum  value  is  also  larger  (around  200%  per  kOe 
instead  of  165).  Nevertheless  it  appears  to  be  less  thermally  stable,  the 
maximum  slope  being  obtained  at  about  180*C  instead  of  280'C  for  the  first 
sample.  Such  a  behavior  is  quite  unexpected  since  our  previous  investiga¬ 
tions  on  Ni/Ag  multilayers  have  shown  an  increased  thermal  stability  with 
increasing  layer  thicknesses.  We  are  currently  investigating  samples  in 
which  NiFe  and  Ag  layer  thicknesses  are  varied  independently  in  order  to 
understand  such  an  unusual  behaviour. 


T*  (°C) 


Figure  3:  Variation  with 
annealing  temperature  of 
the  MR  ratio  (open  cir 
cles)  and  saturation 
field  (crosses)  measured 
at  room  temperature  on 
the  same  sample  as  in 
Figure  2. 
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Figure  4:  Variation  with  an¬ 
nealing  temperature  of  the 
magnetoresistance  slope  mea¬ 
sured  at  300  K  on  a  (NiFe 
12.5  A  /  Ag  10.5  A)  sample 
(open  circles)  and  on  a 
(NiFe  17  A  /  Ag  12.5  A)  one 
(crosses) . 


CONCLUSION 


The  results  presented  in  this  paper  show  that  Nife/Ag  muUila>ers 
possess  very  interesting  magnetoresistive  properties.  They  exhibit  large 
resistance  variations  in  small  applied  fields  at  room  temperature,  with  a 
R(H)  curve  perfectly  linear  and  reversible.  This  leads  to  quite  higti 
magnetoresistance  slopes,  the  highest  one  being  obtained  for  Ag  thicknes¬ 
ses  slightly  larger  than  the  one  corresponding  to  the  maximum  MR  ratio. 
Moreover,  these  properties  improve  with  annealing  and  reach  an  optimum 
value  for  annealing  temperatures  as  high  as  280“C.  These  properties,  as 
well  as  the  observed  temperature  independent  R(H)  slopes,  make  these 
structures  good  candidates  for  technological  applications. 
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ABSTRACT 

The  magnetoresistance  (MR),  magnetic  properties,  and  crystal  structure  of  dc 
magnetron  sputtered  Co/Ag  periodic  multilayers  have  been  investigated.  The  Co 
layer  thickness  was  fixed  at  ~30  A  iwhile  the  thickness  of  the  Ag  layer  iwas 
systematically  varied.  'Giant'  magnetoresistance  was  observed.  The  MR  ratio  has 
been  found  to  decline  monotonically  with  increasing  Ag  thickness  in  the  range  30  A 
to  107  A.  Although  the  maximum  room  temperature  MR  ratio  is  a  modest  4.78%,  a 
more  technologically  significant  measurement  of  field  sensitivity  (MR  ratio/FWHM  of 
the  MR  vs.  H  peak)  is  a  promising  0.1%/Oe  at  its  best.  The  effect  of  the  number  of 

bilayer  units  has  also  been  examined  and  no  substantial  differences  were  noted  | 

between  multilayers  containing  8,  9,  and  10  bilayer  units.  Coercivities  as  | 

determined  by  both  magnetometer  and  the  splitting  of  the  MR  peaks  are  in  ; 

agreement  and  increase  from  25  to  38  Oe  with  increasing  Ag  thickness.  Evidence  j 

for  antiferromagnetic  coupling  is  apparent  in  the  hysteresis  loops.  High  angle  X-ray 
diffractometry  (HXRD)  in  the  0-20  mode  revealed  a  strong  Ag(111)  texture  in  the 
film,  with  satellite  peaks  indicating  a  layered  structure.  Low  angle  XRD  (LXRD)  also 
yielded  broad  superlattice  peaks  in  all  samples  at  least  to  the  second  order. 


1.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  in  multilayer  magnetic  thin  films  has  been 
under  intensive  study  since  the  first  report  on  GMR  behavior  associated  with  anti¬ 
ferromagnetic  (AFM)  coupling  in  the  Fe/Cr  single  crystal  multilayer  system  in 
1988(1].  Multilayers  composed  of  Fe  or  Co  and  one  of  a  number  of  transition  metals 
have  been  found  to  exhibit  GMR  that  is  potentially  useful  for  the  recording 
industry[2-7].  MR  dependence  on  ihe  Ag  thickness  ».  Co/Ag  rriuiiila,  sts  has  been 
shown  to  be  very  different  by  different  workers{5,6].  The  MR  ratio  in  sputtered 
samples  was  found  to  increase  with  Ag  thickness  and  reach  a  maximum  of  5.1%  at 
room  temperature  for  60  A  of  Ag[5],  while  molecular  beam  epitaxy  deposited 
samples  showed  an  oscillatory  MR  dependence  on  Ag  thickness  varying  from  4  to 
35  A,  with  a  maximum  of  16%  at  25  A[6].  The  field  required  to  saturate  the  sample 
in  [5]  was  below  1  kOe  and  in  [6]  was  of  the  order  of  1 0  kOe.  For  the  thickness 
range  of  Ag  spacer  layer  (30  A  and  beyond)  studied  in  this  work,  the  MR  ratio 
decreases  with  an  increase  in  the  Ag  spacer  thickness.  Although  the  absolute 
value  of  the  MR  ratios  in  the  films  studied  here  are  not  large  they  are  achieved  in 
comparatively  low  fields  (an  important  issue  for  technological  applications).  In  this 
work  Co/Ag  multilayers  were  made  by  dc  magnetron  sputtering,  with  fixed  Co  layer 
thickness  and  changing  Ag  layer  thickness.  Structure  characterization,  MR 
measurement  and  magnetic  property  measurements  were  conducted. 


2.  EXPERIMENTAL  METHODS  AND  MATERIALS 

Sequential  dc  magnetron  sputtering  (Vac-Tec  Model  250  Batch  Side 
Sputtering  System)  was  used  to  deposit  all  the  films.  Base  pressure  in  the  chamber 
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was  -5x10'^  torr.  Both  cobalt  and  silver  were  sputtered  from  4"  diameter  targets 
(99.97%  pure)  onto  Corning  7059  glass  substrates  Sputtering  was  conducted  at 
ambient  temperature  Sputtering  conditions  were  100W  power  control  and  2  mTorr 
Ar  (99.99%)  pressure.  Sputtering  rates  were  calculated  from  HXRD  satellite  peaks 
and  compared  with  thickness  measurements  of  reference  films  made  with  a  Oektak 
Ha  surface  profilometer.  Crystal  and  microstructural  information  was  obtained  by  X- 
ray  diffractometry  (XRD)  using  a  Rigaku  D/Max-2BX  X-ray  diffractometer  with  Cu  Ku 
radiation.  Both  LXRD  and  HXRD  (both  in  6-20  mode)  X-ray  scans  were  run  for  the 
multilayers.  The  MR  measurements  were  made  with  a  linear  4-point  probe  with 
both  current  and  magnetic  field  in  the  film  plane  but  perpendicular  to  each  other 
The  measurement  was  taken  on  a  strip  with  aspect  ratio  of  roughly  5:1 ,  the  long  axis 
of  the  strip  is  perpendicular  to  the  magnetic  field,  and  therefore,  parallel  to  the 
current.  A  vibrating  sample  magnetometer  (VSM)  was  utilized  for  magnetic  property 
determination.  All  measurements  were  made  at  room  temperature  on  as-deposited 
samples.  The  properties  to  be  discussed  below  are:  (1)  saturation  MR  ratio  (%) 
AR/R=(Rn,a,-Rsa,)/Rsa,x100%  where  R^a*  'S  the  electrical  resistance  at  its  peak 
value,  and  Rjai  the  resistance  when  the  sample  is  magnetically  saturated,  (2)  .\H  is 
the  lull  width  at  half  maximum  (FWHM)  of  the  MR-H  plot;  (3)  He  is  the  coercivity,  and 
(4)  dH  is  the  FWHM  of  the  dM/dH  loop. 


3.  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

3,t.  Structure 

The  geometry  of  the  Co/Ag  multilayers  is.  glass/(Cotco/AgtAg)N.  with  tcoahd 
tAg  denoting  the  Co  and  Ag  layer  thickness,  respectively,  and  N  is  the  number  of 
bilayer  units.  Table  I  identifies  the  samples,  lists  the  geometry,  and  summanzes  the 
experimental  results.  Multilayer  structure  was  seen  in  both  LXRD  peaks  and  HXRD 

Table  I.  Summary  of  Co/Ag  multilayer  geometries  and  experimental  results 


Sample 

^Aq  (A) 

mm 

MR  (%) 

AH  (Oe) 

MR/AH 

He  (Oe) 

dH 

CA28 

30 

8 

4.009 

47,54 

0.0843 

25.27 

8.7712 

CA29 

9 

4.784 

48.91 

0.0978 

23.58 

11.389 

CA210 

10 

4.499 

59.11 

0,0761 

26.32 

12.123 

CA38 

46 

8 

3.620 

56.19 

0.0644 

27.36* 

11.103 

CA39 

9 

3.501 

78.62 

0.0446 

31.68 

16.593 

CA310 

10 

3.776 

65.71 

0.0575 

27.51 

14,575 

CA48 

61 

8 

3.489 

78.14 

0,0447 

30.04 

17.955 

CA49 

9 

3.381 

87.77 

0.  ^o35 

32.57 

16.855 

CA410 

10 

3.303 

97.69 

0,0338 

31.36 

17,944 

CA58 

77 

8 

2.815 

109.40 

0.0257 

33.40 

20.277 

CA59 

9 

2.853 

88.16 

0.0324 

33.07 

19.597 

CASIO 

10 

3.098 

94.13 

0.0329 

31.92 

18.798 

CA68 

92 

8 

2  263 

81.653 

0.0277 

33.92 

21.093 

CA78 

107 

8 

1.746 

91.517 

0.0191 

37.60 

29.621 

CA79 

9 

2.011 

99.022 

0,0212 

36.43 

26.397 

193 


satellite  peaks.  Muli.iayer  periodicity  and  sputtering  rate  were  calculated  using  the 
HXRO  satellite  peaks[9].  The  Ag  sputtering  rate  by  HXRD  agrees  with  what  was 
calibrated  by  profilometer  very  well,  while  the  Co  rate  from  HXRD  method  Is  higher 
than  the  t‘,ickness  measurement.  HXRD  patterns  showed  a  strong  Ag(l  1 1 )  peak  in 
all  the  samples.  Wall  defined  satellite  peaks  were  observed  around  the  main 
tr  ture  peak  up  to  third  or  fourth  order.  The  preferred  crystal  orientation  gets 
s*  jnger  with  increasing  Ag  thickness,  indicated  by  the  slight  yet  consistent 
narrowing  of  the  'rocking'  curve  Figure  1  shows  both  high  angle  and  low  angle 
XRD  spectra  tor  the  sample  CA29 

3.2.  Maonetoresistance  and  other  Magnetic  Properties 

The  number  of  bilayer  units.  N,  was  varied  from  8  to  10  for  the  purpose  of 
studying  the  influence  of  bilayer  number  on  MR,  magnetic  properties,  and  structure 
in  Co/Ag  multilayers.  In  this  narrow  range  of  bilayer  numbers  our  study  shows  no 
systematic  dependence  on  N 

In  Fig  2a  (the  insert)  the  MR  ratio  vs  field  H  loop  is  plotted  for  sample  CA29 
which  yields  the  largest  and  sharpest  MR  loop  (4  78%)  Some  evidence  for  AFM 
coupling  is  found  in  the  assymetry  of  the  two  arms  of  MR-H  plot  It  takes  a  much 
larger  magnetic  field  to  re-saturate  the  sample  after  the  magnetic  moments  m 
portion  of  the  adjacent  ferromagnetic  layers  have  relaxed  from  the  forced  alignment 
state  of  the  initial  saturation  and  tend  to  align  antiparallel,  due  to  AFM  coupling 
This  phenomenon  can  be  found  to  varing  degrees  in  all  the  samples  throughout  the 
t^g  spectrum  The  appearance  of  the  MR-H  and  the  saturation  field  are  similar  to 
those  in  [5).  From  Table  I  it  is  clear  that  there  is  a  monotonic  decrease  in  MR  ratio 
with  increasing  Ag  thickness  in  the  range  studied.  However,  in  order  to  describe 
the  combination  of  the  magnitude  of  MR  ratio  and  the  sharpness  of  the  MR-H 
relationship,  the  expression  MRiAH  is  used.  MR/AH  versus  tAg  is  plotted  in  Fig  2b 
A  monotonic  decrease  in  MR  sensitivity  with  increasing  tAg  is  noted 


35  45  55  65  75  85 


X-ray  diffraction  angle.  2©  (deg) 

Figure  1 .  X-ray  diffraction  spectra  for  CA29,  (a)  LXRD  (insert),  (b)  HXRD. 
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20  40  60  80  100  120 


Ag  spacer  layer  thickness,  (A) 

Figure  2,  (a)  MR  ratio  vs.  magnetic  field,  CA29  (insert),  (b)  MR/AH  vs  tAg 

Figure  3  shows  the  hysteresis  loops  of  two  samples  (CA29  and  CA79). 
representing  the  thinnest  and  thickest  Ag  spacers  used.  The  form  of  the  M-H  curve 
before  and  after  the  reversal  again  shows  the  AFM  features.  Since  MR  behaves 
similar  to  the  first  derivative  of  the  M-H  hysteresis  loop,  this  led  us  to  try  to  correlate 
the  change  in  the  shape  of  MR  vs  H  to  the  M-H  loop.  As  defined  previously.  dH  is  a 


1500 

0 

Magnetic  field.  H  (Oe) 

1500 

-1500  0 

Magnetic  liekJ,  H  (Oe) 

1500 

(a)  CA29 

(b)  CA79 

Figure  3.  VSM  M-H  loops  for  thin  (a)  CA29.  and  thick  (b)  CA79  Ag  spacer  layers. 
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measure  of  the  abruptness  of  the  magnetization  reversal.  In  Fig.  4  dH  is  plotted 
against  ty^g  Therefore  by  combining  Figs.  2b  and  4  the  change  in  MR  can  be 
related  to  the  abruptness  of  the  magnetization  reversal  as  a  function  of  t^g.  large 
MR  ocurrs  when  the  reversal  is  abrupt  (small  dH  value).  Meanwhile,  the  coercivity. 
Hj,  of  the  samples  shows  an  increase  with  Ag  thickness  (Fig,  5).  The  coercive  field 
coincides  very  well  with  the  field  at  which  Rnian  occurs.  Figs.  4  and  5  show  a  similar 
trend.  Further  investigation  is  needed  to  fully  understand  this  phenomenon.  We 
believe  the  reduction  of  AFM  coupling  due  to  the  increase  of  tAg  together  with 
domain  activities  are  responsible  for  the  decrease  of  reversal  abruptness  and  the 
increase  of  Hj.  with  increasing  tAg 


4,  SUMMARY 

Magnetoresistance  due  to  antiferromagnetic  coupling  has  been  found  in  the 
Co/Ag  multilayer  system.  The  best  MR  in  this  work  is  about  5%  and  coincides  with 
the  largest  MRMH  value  (~0.1%/Oe).  It  is  obvious  that  our  thinnest  Ag  thickness  is 
beyond  the  second  oscillation[61.  An  attempt  was  made  to  reduce  the  Ag  thickness 
so  that  the  first  oscillation  would  be  realized.  This  effort  has  not  been  successful  so 
far  due  to  the  fact  that  the  sputtering  rate  for  Ag  is  very  high  and  the  deposition  time 
is  manually  controlled.  The  MR  vs.  H  plots  and  the  hysteresis  loops  both  suggest 
antiferromagnetic  coupling.  The  samples  were  found  to  be  strongly  textured  with 
Ag(111)  orientation.  The  correlations  between  the  microstructore,  interface 
structure  and  the  MR,  magnetic  properties  after  annealing  are  under  study. 
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ABSTRACT 

The  giant  magnetoresislance  effect  in  anliferromagnetically  coupled  I'e/Cr  multilayers 
has  been  attributed  to  spin  dependent  scattering  at  the  interfaces  (x’lween  the  constituents. 
One  possible  source  of  this  spin  dependent  scattering  is  chromium  impurities  in  the  iron 
layers  due  to  intermixing  at  the  interfaces.  Annealing  tfie  Kims  can  promote  the  dilfusion 
of  the  components,  increasing  the  impurity  concentration  and  therefore  tin'  magrir-toresis- 
tance.  For  this  study  Ke/Cr  multilayers  were  annealed  at  several  ti'iiiperaluri's  and  for 
several  durations.  Annealing  at  moderate  temperatures  (~  350°C)  inerea-ses  the  magne¬ 
toresistance,  while  higher  temperature  anneals  K00°C)  eaiisi-  the  rnagneioresisiann'  to 
disappear  completely,  hong  anneals  at  33(TC  (>  100  hours)  also  reduce  ihe  rnagnetoresis- 
tanec.  VSM  measurements  indicate  that  the  anliferromagnetie  coupling  is  reduced  in  the 
annealed  sampU'S  but  show  no  evidence  of  magnetically  ’‘<l<-ad "  alloy  layers.  Low  angle  X- 
ray  diffraction  in<iicat(.‘s  that  the  structural  elfecl  of  annealing  is  very  subtle  in  comparison 
to  the  significant  magnetic  effect. 


INTRODUCTION 

The  inlluencc  of  the  structure  of  the  interfaces  on  the  magneloresistance  in  aniiferro- 
magnctically  coii[)led  multilayers  and  spin  valves  has  lieen  ti  subject  of  discussion  since  iht' 
effect  was  discovered.  Baibich  cl  (li.(l)  poinleil  out  that  perfectly  smooth  interfact's  could 
not  contribute  to  the  in-plane  rnagnctorcsislanee.  but  that  steps  and  other  imperfections  in 
the  surfaces  could  contribute  to  a  spin  dcitendenl  rt'si.slantte.  (.’amley  juid  Barnasj'd]  param¬ 
eterized  the  interface  scattering  without  attributing  its  origin,  and  more  tielailcii  theories 
liavc  attempted  to  incorporate  the  possifiility  of  both  bulk  and  interfaeial  spin  depv’n- 
dent  scaltering[3,  4,  r>\.  Fits  to  experimental  data,  however,  largely  indieat*'  that  interface 
scattering  dominates.  The  importance  of  interfaci'  scattering  was  |>ro\’en  by  Baumgart 
ct  af.[6l  in  a  stud}'  of  doping  interfaces  of  l-'e/Cr  multilayers  by  different  s[)in  scatterers. 
Thity  found  that  when  the  interfac(»  were  <ioped  with  elements  that  have-  ihe  same  sftin 
.scattering  asyrnmtUry  as  chromium,  the  magiu'toresisiance  w;is  unchanged,  but  that  ele¬ 
ments  with  the  opposite  a.symmctry  reduced  the  niagnctoresistance.  in  effei-t  (tunceling  the 
influence  of  some  of  the  chromium  .scat  titring  .sites. 

Fixperimcntal  data  on  the  effect  of  interface  structure  luis  thus  far  bei-n  inconclusive. 
I’ctroff  el  uf.[7)  reported  that  MBH  grown  Ke/fir  samples  grown  uruli’r  (Conditions  that 
roughened  the  interfaces  had  increa,sed  magnetoresisttmee  over  smooth  samitles.  increu.s- 
ing  from  to  XV/i .  Additionally,  annealing  the  smooth  sample  at  dOO  ’C  increa.sed  in 
magrictoresistarice  to  27.3%,  but  when  it  was  annealed  at  3.50°C  the  elfecl  decreased  to 
1.15%.  rhese  results  were  allribuled  to  thermally  induced  inlerdilfusion  belwix-n  the  two 
components  of  the  system,  ’[’hey  concluded  that  while  some  roughening  is  hehtful,  overly 
roiigh  interfaces  destroy  tfie  antifcrromagnctic  coupling  nccrssiiry  for  (I.MIU 

Ftillertori  cl  nl.(8)  roughened  the  interfaces  of  l-'e/Cr  rnultihiyers  in  several  ways,  in¬ 
cluding  varying  the  deposition  pres.sure,  sputter  gun  power,  and  number  of  bilayers.  I'hey 
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found  that  for  all  cases  the  raagnetoresistance  increased  with  interfate  rougfiness.  I’arkin[9] 
has  reported  that  the  rnagnetoresistance  of  Co/Cu  multilayers  grown  tin  a  buffer  layer  on 
(001)  silicon  is  higher  for  iron  buffer  layers  than  ftir  copper  buffer  layers.  This  difference 
was  attributed  to  smoother  interfaces  in  the  ease  of  the  irt>n  underlayer  In  a  previous 
paper[10],  we  reported  on  the  effect  of  roughening  Ke/Cr  by  increasing  the  sputtering  gas 
pressure.  While  the  rnagnetoresistance  was  found  to  dticrease  for  rougher  films,  this  could 
be  attributed  entirely  to  an  increase  in  the  saturation  resistan«'  and  not  to  a  change  in  the 
spin  dependent  scattering.  In  this  paper  we  report  the  results  of  annealing  Ke/Cr  multilay¬ 
ers  in  order  to  increase  the  number  of  Cr  asymmetric  scatlerers  througfi  inti'rdiffusion  at 
the  interfaces,  '  'hile  relatively  low  temperature  anneals  do  increase  the  magnetoresistanie, 
longer  and  hottc.  neals  cause  the  rnagnetoresistance  to  fall. 


EXPERIMENT  DESCRIPTION 

For  the  purpose  of  comparing  the  effect  of  anneal  temperatures  and  duration,  single 
thickness  Fe/Cr  multilayers  witfi  42A  bilayer  period  for  resistance  measurements  and  6oA 
bilayer  period  for  x-ray  nieasurements  were  sputtereii  onto  polished  sili<’on(00 1 )  substrates. 
The  thicker  bilayer  period  makes  it  possible  to  six;  up  to  four  or<lers  of  low  angle  superlaltice 
peaks  with  a  laboratory  ditfraelometer.  The  films  have  (1 10)  out  of  plam'  texture  and  are 
polycrystalline.  A  dOA  platinum  protective  overlayer  was  sputtered  onto  the  films  used  for 
transport  measurements,  to  prevent  oxidation  from  interfering  wi()i  good  electrical  contact 
with  the  film.  This  protective  overlayer  was  not  used  with  the  X-ray  lilins.  because  it  would 
interfere  with  small  angle  diffrai'tion.  Tlie  films  wen-  ck-aved  into  approximately  .a  inni 
square  sections  for  annealing.  Annealing  was  done  in  a  tube  furnaa'  under  flowing  argon. 
Before  the  heater  was  turned  on,  the  furnace  was  evacuated  to  100  m'lbrr  and  backfilled 
with  argon  3  times.  'Fhe  furnace  has  significant  floating  and  ctKiling  time  constants  ( 1  hour 
and  20  minutes  respectively  for  350''C).  'Fhe  data  has  not  been  corrected  for  this. 

The  resistance  was  measured  using  a  'l-point  in-line  probe  and  a  low  noise  dc  current 
source.  All  magnetic  measurements  were  made  at  room  temperature  in  a  12  incli  magnet 
capable  of  18  kGauss  field,  llesistana'  baseline  scans  were  rneasurixi  on  I'ach  sample  before 
it  was  annealed,  and  the  scalti'r  in  the  magneloresistance  measuremi'nts  for  segments  of 
a  single  film  was  about  0.25%.  Differences  in  th<.‘  .saliiration  resistance  of  the  unannealed 
samples  were  attributed  to  the  dilfenmee  in  the  area  of  the  dilferent  segments.  In  analys¬ 
ing  the  data,  we  fiavc  defined  tfie  rnagnetoresistance  as  the  ratio  of  the  field  depi-ndeni 
resistance  to  the  high  field  saturation  resistance,  GMR=  (/{,  -  /Gl/fG. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  rnagnetoresistaria’ <(f  an  Si(00l  )/]2ACr/20*(30AFe/12ACr)/12ACr/- 
3()APt  film  that  had  been  annealed  for  1  hour  at  .several  ternperattires.  Fhe  unannealed 
film  had  7.1%  rnagnetore.sistarice,  'I'he  rnagnetoresistance  inereasi’d  with  annealing  tem¬ 
perature,  peaking  at  9.5%  for  the  film  annealed  at  350'’C,  and  then  deemased  until  it 
disappeared  for  the  film  annealed  at  650°C. 

.Magnetoresistance  and  magnetization  data  for  the  films  annealed  at  seliT.ted  tempera¬ 
tures  is  shown  in  figure  2,  The  increase  in  magneloresistance  at  low  temperature  anneals 
is  not  accompanied  by  a  significant  change  in  the  saturation  field,  so  the  change  cannot 
be  attributed  to  a  change  in  the  antiferromagnelie  eouplitig.  In  fact,  tiie  magnetization 
loop  for  the  film  annealed  at  350°C  is  somewhat  more  square  'iiari  for  ifie  unannealed  film, 
a  feature  usually  associated  with  reiiuced  coupling  ami  tfierefore  reduci'd  rnagnetorcsis- 
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Figure  1;  Magnetoresistance  as  a  function  of  anneal  temperature  for  an  Si(()01)/12ACr- 
/20*(30AFe/12ACr)/12ACr/30APt  film. 


tance.  Thus  we  conclude  that  the  change  in  magnctoresislance  is  due  only  to  an  increased 
spin  asymmetry  in  the  electron  scattering.  On  the  other  hand,  the  saturation  field  de¬ 
creases  significantly  for  the  higher  temperature  anneals,  and  their  magnetization  loops  are 
quite  square.  The  magnetoresistance  curves  for  higher  temperature  anneals  also  display 
decreased  saturation  fields,  and  the  peaks  are  cusp  shaped.  In  this  ease  the  reduced  magne¬ 
toresistance  may  be  due  to  incomplete  antiferrornagnetie  alignment  at  zi-ro  field,  resulting 
from  decreased  antiferrornagnetie  coupling  or  increased  ferromagni'tic  coupling  between  the 
iron  layers.  The  saturation  magnetization  of  the  films  does  not  change  significantly  upon 
annealing,  indicating  that  at  most  less  then  5%  of  the  iron  had  lost  its  magnetic  moment. 
Dilute  alloys  of  iron  in  Cr  are  non-magnelic,  so  this  indicates  that  there  is  no  significant 
migration  of  iron  into  the  spacer  layers.  There  is  no  evidence  of  a  magnetically  dead  layer 


Figure  2:  Magnctorcsistancc  and  magnetization  curves  for  an  Si(0()l)/i2ACr/20*(3oAFc/12ACr)- 
/12ACr/30APt  annealed  for  one  hour  at  several  temp'  raturcs.  'I'he  dashed  line  is  the  curve  for 
the  unannealed  film. 
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l-'iKiiri'  3:  SaUiralioii  resistance  aiifl  liel<l  (le|>en(lenl  resistance  for  an  .Si(lH)l)/12A('r- 
/2()*(3nAt'o/l'2A('r)/  12ACr/3tlAl>t  itniiraUnl  for  oiio  fiour  al  srv<‘ral  l*‘inj«*ra! un's.  ’[’he  rn«'a- 
surod  vahios  haw  aor^lai^/^‘<l  lo  ih<‘  iniaTiTirah'd  saturaium  r«‘si>(aiwt‘  lo  ('InniTiati'  sample 
si/o  cflocls. 

iil  ihe  iTil.erfaee. 

A  (i(HTeas<'  in  [iia,nrir!t>resisiarur  eari  In-  i  .niM-d  riih«  r  l»\  an  im  n-aM-  in  iln-  saiuralioii 
n'sisLanci'  or  by  a  dern'a.M'  iti  ili«‘  lii-hl  «l«  p<'rnlfni  i(‘>i>ianrf.  I  lir  i\m»  cornpoin’nl s  are 
shovv'TJ  .sf7W4r;iie)v  j/i  lii^ure  The  increase  in  iiia,‘;neioresista!ire  Im-Iow  iioO  ( *  is  due  emlrely 
to  a  chanj^i'  in  Alb  tin*  saturation  resisiatiee  is  nnehanjird  at  thcM'  leinpt'raiun's.  l‘or 
ternpiTalures  above  dud  C  and  h'ss  tlian  about  odd  (.’  tlie  drop  in  ina‘*neion’sisl anei'  is 
due  to  a  drop  in  Alb  whereas  for  even  hiiiher  anneal  t<‘rnporat ure>  <-lianjies  in  both  the 
saturation  resislariee  and  Al^  contribute  to  tb<-  d<’erease  ui  the  (IMH.  Ibis  indieaii's  that 
llie  p('ak  is  not  tiiK'  to  a  crossover  biMweiui  lernperatun’  re«;irn<-s  wh<‘r<- <liir<T<'nt  [Uoci'sses 
dominate,  a  CMU  ri’ducinj;  elfeet  at  hij^li  tetn[)eratutes  and  a  CMH  enbaneiiiji;  elh'el  al 
lowiT  teTnperaI”res.  but  rather  to  an  optinmin  t)ojnl  in  ilie  eifeei  of  anriealiiijt  on  the 
structure. 

Another  way  to  <i<‘rnonsi rad'  this  is  to  aiiru'al  at  a  constant  tetnjx'rai ure  for  variotis 
(iurations.  Figure  1  shows  da:  >  for  a  diireretit  lilrn  of  riotninaily  the  >anie  struelun*  as 
belori'.  In  this  case,  the  unan  ed  (i\!H  was  .S.FX.  Ifeeausi'  th«‘  <hromiuni  thickness 
usi'd  is  v('rv  close'  to  llic  peuik  in  the'  lirsl  oscillation  of  iIm'  (iMU.  the'  magnet ore'sislane'e'  of 
the  film  is  very  se'tisitive  le)  .small  variations  in  ’b  chromium  ihiekne'ss.  and  the'  elitfi'n'iici' 
be’tweeri  ffie  twei  (ilrn>  is  due  lo  a  sligfil  cha/ige-  in  ihe'  sputtering  rales.  One  M-gnu'nt  of  ifie 
film  uviS  anne’aled  at  ddd  (*  al  fa'riods  up  lf>  Id)  heairs.  \  he'  maximum  m.igne’loresistance' 
lor  tfiis  teunperatiire'.  WJy'A .  was  re'ae-he'd  for  anneals  as  sheirl  as  1  horn.  .\  sample'  which 
was  brought  iif)  to  te'rnjie'rat un'  and  then  imme'eliate'lv  <-<»ole‘d  fiael  d.iV'f  magiu'iore’sisianee'. 
for  aruK'als  le)nger  than  h  hours,  the’  magnet e>re*sistanc<'  starts  to  eh'ere'ase'.  and  alte'r  lad 
hours,  tlie  rnagne'iore'sislanee'  lias  elre)ppe’el  to  T.d'/f.  h'ss  ilian  tfu'  unaiineMle'd  film.  Ane>ilier 
se'grne'nt  of  the’  satin'  film  was  anne'ale'el  at  ‘Jad'd’.  The*  ma.giu'teire'sistanee'  rose  to  lor 

a  id  minute'  amie'al.  and  ceuiiinue'd  to  rise-  for  huiger  anne-als.  .Alte'r  ~d  hours  it  had  not  >.'i 
re'ae-he’d  the’  rnaxirnurn  d.a/i  MR  acfiie'ved  by  thi'  heitteT  a’"tM‘al.  but  jt  mav  eio  so  her  e've'ii 
longer  anneals.  Ibis  data  al.so  supports  the'  asseTlion  tfiat  while'  the'  inagTie’lore'sistanee' 
peaks,  the  structural  cliange's  are'  e:ontinu<  u 

X-ray  dilfracti  »ii  se:aiis  of  the*  low  angle'  sup  -i aii i.U'e'  line’s  weae-  use'd  u»  investigate'  the' 
de’grce  of  iriLe-rriii-xing  in  the  mnlUlave'rs.  An  Si(()0l  )/J()'(  lOAFc.  Ja.AC ’r)  lilin  was  use'd 
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Figure  4:  Magneioresistanco  of  an  Si(lXtl  )/l'2A('r/''^***(-*ffAl'<'/12A('r)/12A('r/Hl)APt  annealed 
at  and  at  'iSO^C  for  different  time  ix'riods.  'I'ho  iinannealed  inagnetorcsistance  was  S.I%. 

indicated  on  the  left  axis. 

for  the  x-ray  ineasuremcnts,  shown  in  figure  5.  'I’ho  unanneahxi  film  show’s  four  orders  of 
superlattice  peaks,  indicating  relatively  smooth  interfaces  Finite  size  oscillations  persist 
to  3.5  degrees  20,  so  the  overall  surface  of  the  film  is  quite  smooth.  Both  higfi  order 
peaks  and  oscillations  persist  through  anneals  up  to  dSfPC,  so  the  structural  effetu  of  tfie 
anneal  is  quite  mild.  The  film  annealed  at  oSO^C  lacks  the  two  highest  order  pc'aks  and 
has  weaker  finite  size  oscillations,  implying  both  overall  roughi'ning  and  that  intermixing 
has  occurred  at  the  interfaces.  However,  since  two  orders  of  sup(>rlatti(x'  peaks  remain  even 
for  the  film  annealed  at  550‘’C,  it  is  clear  that  the  striuaural  changes  are  quite'  subtle,  and 
that  significant  electron  density  modulation  remains  in  the  film. 


Figure  5:  Low  angle  x-ray  diffraction  scans  of  an  Si(001)/2()(40AFe/'25ACr)  film  annealed  for  one 
hour  at  several  temperatures.  The  scans  have  been  offset  for  clarity. 
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CONCLUSIONS 

Some  degree  ol  arjnealing  cleiiriy  increases  lh<'  iiiagnelDresislatui-  ol  l•'e/(.'r  miiUilayers; 
the  effect  is  maximized  at  350°'^'  and  1  hour,  ffn^  increase  is  probably  ilue  to  a  sligfil  in¬ 
terdiffusion  of  tfie  two  eornponents,  increasing  tfie  number  of  chrome  scattering  sites  tfial 
differentially  scatter  the  two  spin  currents,  for  longer  or  bolter  anru  als,  the  magnetoresis¬ 
tance  starts  to  drop,  accompanied  by  a  drop  in  the  saturation  field  Tfie  'nagnetic  moment 
is  not  changed  signilieanlly  by  the  anneal,  so  most  of  the  iron  atoms  retain  their  magnetic 
moment  even  if  interdiffusion  does  occur.  'I'fiere  is  no  evideiutc  of  a  di  ad  layer  I'he  struc¬ 
tural  effects  are  .subtle;  the  low  angh'  .superlattiei-  lines  an-  unchanged  for  anneals  up  to 
45()“C,  but  for  the  sample  annealed  at  5.o0°C  there  is  evidena;  of  intiTtnixing  or  roughening 
at  the  interfaces.  We  believe  that  the  iiuTease  in  magnetoresistanee  is  due  to  interdiffu¬ 
sion  at  the  interfaces,  increasing  the  number  of  asymmetric  Cr  impurity  scattering  sites 
The  decrease  in  rnagnetoresistanci'  and  saturation  field  at  higher  anneal  temperatures  or 
longer  lime,  along  with  the  change  in  the  shape  of  the  curves,  is  due  to  a  deeretuse  in 
the  antiferromagnetic  coupling  or  an  increase  in  ferromagnetic  coupling  between  the  iron 
layers. 
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ABSTRACT 

X-ray  photoelectron  spectroscopy  (XPS)  has  been  used  to  insestigate  grain  boundary 
diffusion  of  Cu  and  Cr  through  1000  A  thick  Co  lllms  in  the  temperature  range  of  325'’C  to 
400"C.  Grain  boundary  diffusivities  were  determined  by  modeling  the  accumulation  of  Cu 
or  Cr  on  Co  surfaces  as  a  funetion  of  time  at  fixed  annealing  tem|x,‘raiure.  The  grain 
boundary  diffusivity  of  Cu  throiigii  Cu  is  characterised  by  a  diffusion  coefficient,  Dy  j,),,  of  2 
X  ICf*  cm-/sec  and  an  activation  energy,  E^  .  of  2.4  e\'.  Similarly,  Cr  grain  boundary 
diffusion  through  Co  thin  films  occurs  with  a  diffusion  ciK'fficient,  Dq  of  6  x  10  - 
cm-/sec  and  an  activation  energy,  E,,  „|,  of  1.8  eV.  The  Co  film  microstrueture  has  been 
investigated  before  and  after  annealing  by  x-ray  diffraction  and  transmission  electron 
tnicroscopy.  Extensive  grain  growth  and  texturing  of  the  film  occurred  during  annealing  for 
Co  deposited  on  a  Cu  underlayer.  In  contrast,  the  microstructure  of  Co  deposited  on  a  Cr 
tinderlayer  remained  relatively  unchanged  upon  annealing.  Magnetometer  measurements 
have  shown  that  increased  in-plane  ewreixity  H,.  reduced  remanence  squareness  S.  and 
reduced  coercive  squareness  S*  result  from  gram  boundary  diffusion  of  Cu  and  Cr  into  the 
Co  films. 


INTRODUCTION 

The  increasing  demands  on  thin  film  magnetic  media  continue  to  be  focused  on 
improving  the  signal-to-media  noise  (S/N)  ratio  in  order  to  achiexe  ever  higher  areal 
recording  densities,  with  particular  emphasis  placeil  on  reducing  noise. '  Recent  studies  have 
shown  that  the  use  of  a  Cr  interlayer  between  magnetic  layers  can  affect  the  magnetic 
properties  by  innuencing  the  grain  orientation  and  the  crystallographic  texture  of  CoCr-based 
thin  films.  f7..l  por  example,  Cr  templates  1.50  A  and  1500  A  thick  caused  the  grain  si/e  of 
CoPtCr  films  to  double  and  created  voids  between  the  grains.  The  films  produced  with  the 
thicker  interlayer  exhibited  improved  noise  properties,  which  were  attributed  to  either  a 
reduction  in  exchange  coupling  between  the  grains  or  by  a  loss  in  preferred  c-axis  in-plane 
orientation. 5  Significantly,  the  intergrain  exchange  coupling  could  also  be  reduced  by 
compositional  segregation  of  non  magnetic  materials  to  the  grain  boundaries.'  Segregation 
from  a  Cr  interlayer  into  the  grains  and  grain  boundaries  of  a  CoNiCr  magnetic  thin  film  has 
been  proposed  to  explain  the  observed  increase  of  in-plane  ewreivity  H  as  a  function  of  time 
at  constant  temperature.  However,  direct  cvislence  for  grain  boundary  diffusion  was  not 
presented. 4 

To  investigate  the  nature  of  grain  boundary  diffusion  in  magnetic  thin  lllms,  we  have 
measured  and  modeled  the  .surface  acciimulation  of  Cu  and  Cr  diffusants  through  KKX)  A 
thick  Co  films  with  x-ray  photoeleciron  spectroscopy  (Xl’S).  By  measuring  the  accumulation 
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of  diffusant  on  the  Co  free  surface  as  a  function  of  time  at  a  fixed  temperature,  the  grain 
boundary  diffusivity  has  been  determined  using  a  model  developed  by  Hwang  and  Balluffi.^ 
In  addition,  the  effects  of  annealing  on  the  Co  thin  film  microstructures  and  magnetic 
properties  have  been  investigated. 


METHODS 

Experimental 

The  1000  A  Co  /  100  A  Cu  and  1000  A  Co  /  100  A  Cr  bilayer  thin  film  structures 
were  prepared  by  UHV  evaporation;  Co  and  Cu  films  were  electron  beam  evaporated  while 
the  Cr  films  were  resistively  evaporated.  All  bilayers  were  deposited  onto  sputtered  700  A 
Si02  /  Si  (100)  substrates  at  a  rate  of  0.2  A/sec  at  ambient  temperature.  Preparation  of  the 
as-received  Co/Cu  and  Co/Cr  samples  prior  to  permeation  experiments  consisted  of  Ar'*^ 
sputtering  to  remove  -44  A  of  native  CoO  formed  by  exposure  to  air.*"  Sputter  cleaning  was 
done  in  a  sample  introduction/preparation  chamber  at  an  Ar  pressure  of  5  x  10'^  Torr,  with 
30  mA  ion  gun  emission  current  and  1  kV  Ar’^  beam  energy. 

Permeation  experiments  were  performed  in  a  UHV  system  consisting  of  three 
chambers.  A  turbomolecularly-pumped  sample  introduction  chamber  (base  pressure  =  1  x 
10'*  Torr)  allows  annealing  and/or  sputtering  of  samples  before  they  are  transferred  into  the 
XPS  analysis  chamber.  The  analysis  chamber  operates  in  a  pressure  range  of  5  x  iO'"  to  1  x 
10''®  Torr  with  a  400  1/s  ion  pump.  Photons  are  generated  by  a  non-monochromatized 
Al/Mg  dual  anode  x-ray  source  running  at  280  \V  for  Mg  x-rays  (hv  =  1253.6  eV. 
linewidth  =  0.7  eV).  Photoelectrons  emitted  from  the  sample  are  measured  with  a  Leybold 
EA-11  single  channel  hemispherical  analyzer  ojK-rating  at  150  eV  pass  energy,  yielding  a 
energy  resolution  of  -2.4  eV.  Higher  resolution  measurements  (50  eV  pass  energy  yielding 
-1.0  eV  energy  resolution)  were  made  before  and  after  each  permeation  experiment  to  check 
for  surface  oxidation.  All  binding  energies  are  referenced  to  the  Au  4(7/2  4*  ' 

83.9  eV.  To  enhance  surface  sensitivity,  the  permeation  experiments  were  performed  with 
the  sample  oriented  so  that  the  angle  between  the  surface  normal  direction  and  the  analyzer 
was  -80".  Samples  are  annealed  to  temperatures  of  425"C  on  a  heating  module  that  is 
mounted  to  the  sample  manipulator  within  the  XPS  analysis  chamber. 

Permeation  experiments  were  performed  by  measuring  the  areas  of  the  2p3/2  core 
level  peaks  of  Co  and  Cu  or  Cr  at  -779.6.  -9.34.9  and  -575.5  eV  binding  energies, 
respectively.  An  inelastic  background  subtraction  routine  is  used  to  calculate  the  core  level 
peak  areas  during  the  data  acquisition  process.’  Each  of  the  core  level  peak  areas  are 
normalized  to  the  acquisition  time  to  quantitatively  monitor  the  accumulation  profile. 

All  magnetization  measurements  were  performed  with  a  Quantum  Design  MPMS 
superconducting  quantum  interference  device  (SQUID)  at  .3(X)K  with  the  applied  field  lying 
in  the  plane  of  the  Co/Cu  and  Co/Cr  films.  Sample  sizes  were  approximately  5  mm  wide. 
17  mm  long  and  0..34  mm  thick.  Hysteresis  loop  measurements  were  made  with  applied 
fields  up  to  3  kOe. 


Analysis  of  Grain  Boundary  Diffusion 

The  accumulation  of  diffusant  on  a  surface  as  a  result  of  grain  boundary  diffusion  has 
been  modeled  by  Hwang  and  Balluffi.5  Their  model  was  developed  within  the  conditions  of 
type  C  kinetics  where  the  barrier  to  bulk  diffusion  is  high  and  mass  transport  within  the  thin 
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film  occurs  only  along  grain  boundaries.*  As  a  coarse  approximation,  type  C  kinetics  apply 
temperatures  less  than  -35%  of  the  film’s  melting  point. 

Hwang  and  Balluffi  applied  Pick's  2"**  law  to  the  grain  boundaries  and  the  film's  exit, 
or  free,  surface  where  diffusant  accumulates  and  equated  the  material  fluxes  at  the 
intersections  of  the  grain  boundary  with  both  the  diffusant  source  and  exit  surfaces.  Two 
assumptions  allow  direct  calculation  of  the  grain  boundary  diffusivity  from  the  measurement 
of  surface  accumulation  as  a  function  of  annealing  time  and  constant  temperature.  First,  the 
diffusion  of  material  on  the  exit  surface  is  assumed  to  be  much  faster  than  diffusion  in  the 
grain  boundary,  so  the  amount  of  material  accumulated  on  the  exit  surface  is  solely  a 
function  of  time.  Second,  the  capacity  of  the  grain  boundary  is  assumed  to  be  much  less  than 
that  of  the  exit  surface.  Consequently,  a  steady  state  concentration  profile  in  the  grain 
boundary  is  established  and  maintained.  Combining  these  assumptions  with  that  of  an 
infinite  diffusant  source,  the  following  expression  for  the  surface  concentration  of  permeated 
diffusant  material  as  a  function  of  time  was  derived: 

Cs(t)/C^(x)  =  l-exp(  -h(t-t(,))  (1) 

where  C^  is  the  average  surface  concentration  at  annealing  time  t,  t^j  is  the  time  before 
permeated  material  reaches  the  surface,  and  h  is  a  factor  proportional  to  the  grain  boundary 
diffusivity.  The  factor  h  consists  of  the  following  terms: 

h  =  (wh/wj(2/d')  Dh  (2) 

where  wj,  is  the  grain  boundary  width,  w,,  is  the  thickness  of  the  accumulated  layer  on  the 
exit  surface,  d  is  the  grain  diameter,  '  is  the  film  thickness,  and  D),  is  the  grain  boundary 
diffusivity.  While  these  equations  have  been  successfully  applied  to  a  wide  variety  of 
materials  systems,  there  is  little  information  available  for  Co  thin  films.’' 1° 


RESULTS  AND  DISCUSSION 
Permeation  of  Cii  through  Co 

Permeation  experiments  for  the  1000  A  Co/ 100  A  Cu  thin  film  structures  were  carried 
out  at  temperatures  of  325,  350,  375  and  400"C.  Background  subtracted  peak  areas  for  Cu 
and  Co  2p3^2  emission  are  plotted  in  Fig.  1  as  a  function  of  time  at  350‘’C.  The  Cu  2p3,2 
emission  rises  sharply  as  Cu  emerges  from  the  exit  surface  and  gradually  reaches  a  plateau, 
while  the  Co  signal  attenuates  exponentially  as  the  accumulation  of  Cu  on  the  surface 
saturates.  Measurements  at  the  other  temperatures  exhibited  similar  behavior.  Superimposed 
on  the  Cu  surface  accumulation  profile  is  a  fitted  curve  in  the  form  of  Eq.  (1)  from  which  h 
can  be  found.  Grain  boundary  diffusivities  can  then  be  calculated  once  the  remaining  terms 
in  Eq.  (2)  are  known. 

In  order  to  determine  the  grain  boundary  diffusivity  using  values  of  h  in  Eq.  (2),  four 
geometric  parameters  of  the  thi.i  film  must  be  known.  First,  the  as-deposited  film 
thicknesses  of  1000  A  were  assumed  to  remain  unchanged  during  annealing.  The  thickness 
of  the  saturated  Cu  overlayer  after  annealing  was  estimated  by  two  methods.  First,  the 
exponential  attenuation  of  the  Co  signal  was  equated  to  a  Cu  overlayer  thickness  of  5  A 
where  the  inelastic  mean  free  path  length  for  474  eV  kinetic  energy  Co  photoelectrons  is  13 
A."  Alternately,  by  evaporating  incremental  Cu  layers  onto  a  sputtered  Co  surface  and 
observing  the  Cu  thickness  where  the  attenuated  Co  signal  equaled  that  of  the  permeation 
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Figure  1 .  Background  subtracted  peak 
areas  of  the  Co  2pj/2  (upper  curve)  and  Cu 
2p3/2  (lower  curve)  as  a  function  of 
annealing  time  at  350''C. 
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Figure  2.  Calculated  grain  boundary 
diffusivities  of  Cu  through  1000  A  Co 
films. 


experiment,  the  Cu  overlayer  thickness  was  also  found  to  be  5  A.  The  grain  boundary  width, 
Wf,,  was  estimated  to  be  equal  to  (he  stituraled  Cu  oserlayer  thickness,  w„  =  5  A. 

The  Co  film  grain  size  is  the  last  parameter  that  must  be  determined  before  liq.  (2) 
can  be  solved  for  Dh.  Transmission  electron  microscopy  (TF.M)  and  x-ray  diffraction  have 
been  used  to  estimate  Co  grain  size  on  as-deixisited  and  annealed  Cu/Co  bilayers.  Prior  to 
annealing,  analysis  of  diffraction  peak  w  idths  and  TtM  revealed  the  as-deposited  Co  grain 
size  to  be  approximately  1.1.“!  A  with  near  random  orientation  on  the  Cu  underlayer.  After 
annealing,  substantial  grain  growth  occurred  accompanied  by  preferential  texturing  of  the  Co 
film  with  a  (0001)  orientation.  The  mechanism  for  grain  growth  in  this  case  is  surface 
energy  enhanced  grain  growth  where  the  Cu  underlayer  may  promote  the  growth  of  Co 
grains  with  the  lowest  surface  energy  contiguration;  in  this  case,  grains  with  the  (0001) 
planes  largely  parallel  to  the  film  surface.'-  The  annealed  grain  size  was  estimated  from  the 
plan  view  TEM  micrographs  using  the  Heyn  linear  intercept  method.'^  In  this  analysis,  the 
grain  size  was  calculated  to  be  .\‘i00  A  -h/-7,‘)0  A  for  the  annealed  film  based  on  an  average 
of  .38  line  measurements  of  40  Co  grains.  The  actual  temperature  regime  where  grain  growth 
occurred  could  not  be  determined  from  these  measurements  since  the  x-ray  diffraction  and 
TEM  analyses  were  done  after  the  stimples  were  subjected  to  multiple  permeation 
experiments  at  different  temperatures.  Similarly,  the  time  necessary  for  grain  growth  at  the 
various  annealing  temperatures  was  not  determined,  although  this  would  affect  the  measured 
values  of  h  from  the  least  squares  fitting  of  the  permeation  experiments. 

In  Fig.  2.  the  calculated  diffusivities  are  plotted  versus  1/T  for  experiments  conducted 
between  325  and  400"C.  A  straight  line  fit  to  the  data  yields  a  Dy  of  2  x  10^  cm^/sec  and 
an  activation  energy  E^,  of  2.4  eV.  The  bulk  diffusion  of  ('u  through  Co  has  a  Do.hulk 
-1  cm^/sec  and  an  E^  |,ulk  o'  eV.i4  As  a  general  rule  of  thumb,  the  activation  energy 
for  grain  boundary  diffusion  is  approximately  half  of  the  energy  required  for  bulk  diffusion. 
The  violation  of  this  criteria  for  the  1000  A  Co  /  100  A  Cu  bilayer  is  attributed  to  extensive 
grain  growth  during  the  annealing  process. 


Diffusion  of  Cr  through  Co 

Similar  permeation  experiments  were  performed  on  10(X)  A  Co  /  100  A  Cr  bilayers 
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Figure  3.  Background  subtracted  peak  Figure  4.  Calculated  grain  boundary 
areas  of  the  Co  2pj,2  (upper  curve)  and  Cr  diffusivities  of  Cr  through  ItXK)  A  Co 
2pj/2  (lower  curve)  as  a  function  of  films, 
ann^ing  time  at  SSO^C. 

for  the  same  temperatures  as  the  Co/Cu  bilayers  discussed  above.  Figure  3  illustrates  the 
behavior  of  the  integrated  and  background  subi'acied  Co  and  Cr  2p}/2  core  level  peak  areas 
versus  time  at  .350'’C  including  the  fitted  curve  using  F.q.  (1)  for  the  Cr  accumulation. 
Permeation  measurements  for  the  other  temiKratiires  yielded  similar  Cr  accumulation 
behavior  and  could  also  be  fitted  with  Cq.  (I).  The  atteni/ation  of  the  Co  2p3/2  signal 
with  Cr  accumulation  obeys  an  exponential  decay  indicating  that  the  Cr  also  forms  a  uniform 
overlayer  saturating  at  -5  A  thick.  This  observation  is  supported  by  separate  measurements 
of  the  exponential  decrease  in  the  Co  emission  with  incremental  Cr  evaporations  onto  a 
sputtered  Co  surface. 

The  Co  tilm  microstructures  were  also  compared  before  and  after  the  Cr  permeation 
experiment  at  350''C  using  x-ray  diffraction  and  TEM.  The  grain  size  of  the  Co  film 
deposited  on  the  Cr  underlayer  exhibited  minimal  grain  growth  from  125  A  to  170  A  upon 
annealing,  in  contrast  to  the  Co  films  deposited  on  Cu  underlayers.  The  Co  grains  remained 
randomly  oriented  after  annealing. 

Grain  boundary  diffusivities  for  Cr  were  calculated  according  to  Eq.  (2)  assuming 
grain  boundary  widths  and  surface  layer  thicknesses  of  5  A.  The  grain  size  was  170  A  for  all 
samples  independent  of  annealing  temperature  since  grain  growth  was  minimal.  The 
calculated  grain  boundary  diffusivities  of  Cr  through  Co  are  summarized  in  Fig.  4.  For 
temperatures  between  325‘’C  and  400''C  we  have  determined  a  diffusion  coefficient,  Dq  gb' 
of  6  X  10‘7  cm^/sec  and  an  activation  energy,  Ej,  ^,h,  of  1.8  eV. 

In  summary,  we  can  compare  our  measured  values  for  Cu  and  Cr  permeation  through 
Co  to  that  for  grain  boundary  self  diffusion  in  Co  having  an  F,^  =  1.46  eV  and  Dq  gh  =  ^ 

X  10‘7  cm7/sec.'5  Again,  we  have  determined  that  grain  boundary  diffusion  of  Cr  through 
Cu  is  characterized  by  an  Ej,  g(,  =  1.8  eV  and  Dq  ^,,  =  6  x  10'7  cm^/sec,  in  contrast  to  Cu 
diffusion  through  Co  exhibiting  an  E^  gj,  =  2.4  eV  and  Dq  gt,  =  2  x  104  cm^/sec.  The 
deviation  for  Co  films  on  Cu  underlayers  has  been  explained  by  observed  grain  growth  which 
occurred  during  annealing. 
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Magnetization  measurements  on  as-deposited  and  annealed  bilayers  have  been  made  to 
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Figure  5.  Hysteresis  loops  for  a  1000  A  Figure  6.  Hysteresis  loops  for  a  1000  A 
Co  /  100  A  Cr  bilayer  in  the  as-deposited  Co  /  100  A  Cu  bilayer  in  the  as-deposited 
case  (open  circles)  and  annealed  at  400  “C  case  (open  circles)  and  annealed  at  400  "C 
(filled  squares).  (filled  squares). 

observe  how  Cu  and  Cr  grain  boundary  diffusion  affect  ;d  the  magnetic  properties  of  the  Co 
films.  Magnetization  curves  for  Co/Cu  and  Co/C'r  bilaycrs  annealed  at  400'’C  were 
measured  after  accumulation  of  the  diffusant  on  the  Co  surface  was  complete.  Of  particular 
interest  are  changes  in  the  in-plane  coercivily  H^,  saturation  magnetization  M^,  remanence 
squareness  S,  and  coercive  squareness  S*  before  and  after  annealing. 

For  the  as-deposited  1000  A  Co  /  100  A  Cr  bilayer,  the  magnetization  hysteresis  loop 
is  shown  in  Fig.  5  by  the  open  circles  where  H,.  =  55  Oe.  M,;  =  1 100  emu/cm^,  S  =  0.92, 
and  S*  =  0.90.  The  magnetization  behavior  after  annealing  is  shown  by  the  filled  squares  in 
Fig.  5  yielding  an  H,.  =  123  Oe,  M^  =  650  emu/cm-’.  S  =  0.86,  and  S*  =  0.76. 

The  increase  in  H,.  and  reductions  in  S  and  S*  with  annealing  are  attributed  to  the 
diffusion  of  Cr  into  Co  grain  boundaries  separating  the  Co  grains  and  reducing  the 
magnetostatic  coupling  among  the  grains.  In  addition,  a  reduction  in  intergrain  exchange 
coupling  with  annealing  also  contributes  to  increasing  and  reductions  in  squareness.'* 
The  squareness  of  the  hysteresis  loop  for  the  as-deposited  case  is  dominated  by  shape 
anisotropy  of  the  Co  film  where  the  easy  magnetization  lies  in  the  film  plane  which  is  parallel 
to  the  applied  field  direction.  For  the  annealed  Co/Cr  bilayer,  the  Co  grain  size  and 
orientation  remain  relatively  unchanged  with  annealing  as  observed  by  TEM  and  x-ray 
diffraction.  Therefore,  the  squareness  of  the  hysteresis  loop  remains  high  due  to  shape 
anisotropy  of  the  thin  film.  Overall,  the  enhancement  of  H,.  and  reductions  in  S  and  S*  arc 
solely  attributed  to  Co  grain  boundary  stuffing  with  Cr  atoms  since  little  change  in  the  Co 
film  microstructure  was  observed. 

The  hysteresis  loop  for  a  1000  A  Co  /  100  A  Cu  bilayer  in  the  as-deposited  condition 
exhibits  a  Hj.  =35  Oe,  =  1000  emu/cm^,  S  =  0.94  and  S*  =  0.85  (Fig.  6,  open 
circles).  After  annealing,  H^  increased  to  165  Oe,  S  decreased  to  0.48,  S*  decreased  to  0.78 
and  Ms  remained  relatively  constant  at  910  eniu/cm'  as  indicated  by  the  filled  squares  in  Fig. 
6. 

Annealing  the  Co/Cu  bilayers,  however,  has  been  shown  by  x-ray  diffraction  and 
TEM  to  cause  extensive  grain  growth  and  recrystallization  texturing  with  the  c-axis  (easy 
magnetization  direction)  of  the  Co  grains  pointing  out  of  the  film  plane  and,  therefore, 
perpendicular  to  the  applied  field  direction  in  the  magnetization  measurements.  Thus,  the 
shape  of  the  hysteresis  loop  for  the  annealed  Co/Cu  sample  represents  a  competition  between 
the  shape  anisotropy  induced  by  the  film  geometry  and  the  crystalline  anisotropy  induced  by 
recrystallization  during  annealing. 

Surface  accumulation  measurements  indicate  that  Cu  diffuses  through  the  Co  grain 
boundaries  for  the  temperatures  studied.  The  enhancement  in  H^,  between  the  as-deposited 
and  annealed  Co/Cu  bilayers  is  likely  to  be  dominated  by  a  reduction  in  Co  intergrain 
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exchange  coupling  as  in  the  case  of  Co/Cr  bilayers.  However,  the  additional  role  of 
microstructural  changes  on  the  magnetic  properties  is  unclear. 


CONCLUSIONS 

Permeation  experiments  made  over  the  temperature  range  of  325 “C  to  400"C  indicate 
that  grain  boundary  diffusion  of  Cu  and  Cr  through  Co  does  occur.  Thin  films  of  Co  on  Cu 
underlayers  exhibit  extensive  grain  growth  and  texturing  during  annealing  which  introduce 
uncertainty  into  the  diffusivity  calculations  for  this  bilayer  system.  Chromium  underlayers 
are  observed  to  preserve  the  as-deposited  Co  film  microstructure  with  annealing.  For  both 
bilayei  systems,  improvements  in  in-plane  coercivity  H,;  and  reductions  in  coercive 
squareness  S*  are  attributed  to  reduced  intergranular  magnetic  coupling  by  separating  Co 
grains  with  Cu  and  Cr  in  the  grain  boundaries. 
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QUANTITATIVE  ANALYSIS  OF  POLARIZED  NEUTRON  SPEC  L  LAR 
REFLECTIVITY  FROM  A  Co/Cu(lll)  SUPERLATTICE  AT  THE  SEC  OND 
ANTIFERROMAGNETIC  MAXIMUM 
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ABSTRACT 

We  have  used  polarized  neutron  reflectivity  to  prove  the  existetice  of  j)Scillatory  coupling  in 
MBiVgrown  (‘o/('ij(  1 1 1 )  superlattices.  Kora  sample  of  composition  [d.t  nm  (‘o/2.l)  tint  ('ujni- 
we  find  that  only  a  small  fraction  of  the  sample  volume  e.xhibits  coherent  antiferroniagnei  ic  order, 
with  the  structure  of  the  remainder  of  the  film  being  attributal>le  to  ferroniagnetic  domains  and 
small  disordered  structures. 


THE  Co/Cu(lll)  CONTROVERSY 

The  magnetic  coupling  of  ferromagnetic  cobalt  layers  across  nonniagneli(  copper  interlayers 
is  an  extensively  studied  phenomenon  and  consequently  the  field  is  characterized  by  a  certain 
amount  of  disharmony.  The  first  observations  of  antiferromagnetic  ( AT)  coupling  [1]  and  coupling 
dependent  on  Cu  interlayer  thicknes.s  [2]  were  made  on  films  grown  in  t  he  ( 100)  orientation  ( cobalt 
assumes  the  fee  structure  of  copper).  Oscillatory  coupling  with  a  period  of  about  I.O  nm  was 
first  seen  (3,  4\  in  sputtered  (llU  multilayers.  SuHsequent  attempts  to  observe  osciOalions  in 
single-crystal  (111)  superlattices  grown  by  molecular- beam  epitaxy  ( MBE)  have  generally  yielded 
negative  or  ambiguous  results  [5  8).  A  recent  paper  (9j  reports  oscillatory  coupling  between 
isolated  cobalt  monolayers  in  a  copper  matrix,  but  with  a  much  longer  period  than  iti  tlie  .spuitereil 
multilayers. 

We  have  grown  a  series  of  ('o/Cu(  111)  superlattices  by  M  BE  and  have  measured  oscillations 
in  saturation  field  as  a  function  of  Cu  interlayer  thickness  with  peaks  around  dcu  =  10. 1-9.  and 
2.8  nm  [10],  In  agreement  with  theoretical  predictions  (llj.  Similar  results  have  subsequently  been 
obtained  by  Dupas,  et  al  [12]  from  magneloresi.stance  measurements,  l-sing  polarized  neutrj)n 
diffraction,  we  have  determined  that  the  films  exhibit  coherent  AF  order  al  the  fitsV  Iwo  maxima 
and  no  measurable  AF  order  at  an  intermediate  thickness  [10].  In  this  paper,  we  will  present  a 
detailed  investigation  of  the  nature  of  the  magnetic  order  present  in  a  superlattice  with  dm  =  2  0 
nm  and  characterize  this  order  by  means  of  quantitative  rerinement  of  polarized  neutron  specular 
reflectivity  data.  Combining  this  information  with  x-ray  and  magneto-optic  Kerr  effect  (MOKK) 
measurements,  we  will  comment  on  the  iviflueiice  of  structural  disorder  on  the  observed  magnetic 
behavior. 


MEASURING  MAGNETIC  STRUCTURE 

The  nature  of  the  magnetic  order  in  Co/Cu(lll)  films  grown  by  molecular-beam  epitaxy 
(MBE)  has  been  controversial  because  of  the  coexistence  of  remanent  ferromagnetism  with  a 
generally  small  or  nonexistent  antiferromagnetic  volume  fraction.  Our  samples  were  grown  by 
MBE  on  Al2O3(1120)  substrates  with  a  Nb(IlO)  buffer  layer  (see  refs.  [10.  13.  U)  for  details). 
The  MOKE  loop  from  a  sample  of  .similar  compo.sition  to  the  one  discus.spd  below  (d(-u  ”  2.0  nm), 
shown  in  Fig.  la,  is  typical.  At  zero  field,  there  exists  a  large  remanent  magnetization  rontaiiiing 
more  than  half  of  the  total  sample  moment,  preceded  by  a  gradual  upward  slope  to  .saturation 
above  1500  Oe.  The  strength  of  the  antiferromagnetic  coupling  is  commonly  determined  from 
the  magnitude  of  the  saturation  field.  What  more  can  be  said  about  the  magnetic  structure? 

Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  313.  *^1993  Materialt  Ratatrch  Soclaty 
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H  (kOe) 


(b) 


Figure  1;  MOKE  loop  and  important  vectors,  (a)  MOKK  loop  from  sample  vviili  f/,.  ,,  =  2  t)  nm. 
At  zero  field,  there  is  a  large  remanent  magnetization,  preceded  hy  a  gradual  slopt*  to  safuration 
above  1500  Oe.  The  value  of  the  saturation  field  is  related  lo  the  strength  of  the  ajupl/ng.  fhe 
arrow,  at  //  =  14  Oe,  indicates  where  neutron  data  were  taken,  (h)  Axis  definition-^  for  .scattering. 
Neutrons,  spin- polarized  either  parallel  or  anti-parallel  toan  applie<j  field  //.  interact  witli  nuclei 
and  unpaired  electrons  in  the  sample.  The  orientation  of  the  average  magnetization  \f{:)  lin 
general  a  function  of  depth  z  below  the  .surface)  with  respect  to  H  determines  the  rhararter  of  the 
scattering.  Magnetization  components  normal  to  H  cause  the  neutron  spin  to  flip  (SF  processes), 
while  nuclear  scattering  and  parallel  moment  components  produce  intensity  in  the  non-.spin-flip 
(NSF)  channel. 


In  order  to  move  beyond  the  measurement  of  bulk  properties,  our  aim  has  been  to  construct 
a  quantitative  portrait  of  the  magnetic  character  of  these  superlattires  \ising  polarized  neiitron 
reflectivity.  In  a  specular  reflectivity  measurement  (angle  of  incidence  equal  lo  angle  of  reflection), 
one  can  determine  the  distribution  of  scattering  material  with  depth  below’  the  sample  .surfa<e 
[15].  Since  thermal  neutrons  interact  with  both  nuclei  and  unpaired  electron  spin.s.  they  are  an 
ideal  probe  of  magnetic  structure.  For  magnetic  moments  lying  in  the  plane  of  the  surface,  one 
can  describe  the  reflectivity  qualitatively  in  terms  of  spin-dependent  refractive  indices  (see  refs. 
[16,  17]  and  references  therein  for  the  exact  formalism), 


(1) 


'‘±T  1  -  ^^p|cos7|,  (2) 

where  A  is  the  wavelength  of  the  neutrons,  jV  the  number  density  of  the  sratterers,  6  the  nuclear 
scattering  ampUtude,  and  p  the  magnetic  scattering  amplitude  [proportional  to  the  magnetic 
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Table  I:  .\uil«>ar  and  inagn«“ti«’  density  depth  protile>.  1  In*  d.iia  in  iliis  tal)le  ^\ere 

used  in  the  model:  /  is  the  layer  number,  the  second  column  is  a  brief  ileM-riptiiin.  .V6  is  tie* 
nuclear  scattering  density,  d  the  layer  thickness,  a  the  (iaussian  nnighness,  and  .\'p  (he  fnagnefie 
scattering  density.  The  most  signihcant  feature  in  this  list  is  the  presence  i>f  signilicant  mixing  of 
the  ('o  and  C'u  as  evidenced  by  the  non-zero  magnetic  moriieiit  of  the  nominal  ('ii  layers. 


I 

Type 

.V6 

(lo-*  iiiirM 

d 

(nm) 

<r 

( nm) 

.\p 

(  10“  '  Mill  ‘  ) 

1 

CoO^ 

2.0 

I..->6 

o.4:{ 

0 

2,  4,  ... 

.  20 

Cu 

AM 

2,o;i 

o.so 

1.1 

:i.  ,5. . . . 

.  19 

Co 

:i.2 

.(.1.5 

().K() 

2.2 

•21 

Nh 

:t.<» 

5.10 

0.4:1 

0 

22 

.4l2()3 

.5.2 

0.21 

0 

moment  p  per  atom:  p  =  (2.ti95  x  10““*  tim//i/^ )|/7|,  where  pfj  is  the  Bohr  magtietoti].  I  fie  refrac¬ 
tive  iiidirevS  depend  on  the  angle  7  of  the  .sample  magnetization  .W  with  respect  to  the  neutrtui 
quantization  axis  defined  by  the  applied  field  H  (see  Fig.  lb).  The  subscripts  refer  to  neutrons 
polarized  parallel  (  +  )  and  anti-parallel  (-)  to  the  quantization  axis  before  (first  subscript )  ami 
after  (second  sub.script)  reflection  from  the  sample.  Each  of  the  quanlitie.s  .V.  h.  p.  and  t»)ay 
vary  with  depth  below  the  surface,  with  the  iiiagnetizatioii  Mi:)  sampled  by  the  neutrons  being 
the  average  of  tlie  atomic  magnetic  moments  /7  at  a  given  depth  From  elementary  <juaiitnm 
mechanics,  we  can  describe  two  type.s  of  .scattering:  magnelizal ion  component.s  norma)  to  // 
cause  spin-flip  (SF)  scattering  |(  +  -)  and  ( — h)  in  equation  (2)].  while  nuclei  and  parallel  mag¬ 
netic  components  scatter  in  the  non-spin-flip  (NSF)  channel  ((  +  +  )  and  ( — )  In  equation  (1)], 
From  the  reflectivities  measured  as  a  function  of  specular  reflection  angle  B  for  these  four  cri>ss 
sections,  we  can  extract  the  depth  profiles  of  both  nuclear  and  magnetic  scatlerers. 


ANTIFERROMAGNETISM  AT  THE  SECOND  MAXIMUM 

Our  neutron  reflectivity  measurements  from  the  (3.4  iini  Co/2.0  nm  CuJjo  superlattice  unam¬ 
biguously  reveal  the  presence  of  coherent  anliferromagnelic  order  at  the  second  maximum  of  the 
saturation  field.  Fig.  2a  shows  the  reflectivity  from  this  film  in  the  four  cross  sections  [{  +  -)  and 
(“-f)  are  equal  and  have  been  added  together  to  improve  counting  siatislicsj  in  an  applied  field 
of  14  Oe.  The  data  are  plotted  as  a  function  of  wavevector  transfer  Q  =  -iTTsin^/A,  where  B  is 
the  specular  angle  and  A  the  wavelength  of  the  neutrons  (0.237  nm)  Before  being  mounted  on 
the  BT-7  reflectometer  at  the  sample  was  placed  in  a  700  Oe  field  parallel  to  the  eventual 

14  Oe  quantizing  field.  This  yro  ^edure  aligns  the  ferromagnetic  domains  parallel  to  cnsf  and 
orients  antiferromagnetic  do-n  tms  by  “spin-flop”  along  esp-  There  are  several  significant  features 
visible  in  the  data.  The  splitting  at  the  first-order  superlaltice  peak  \Q  ^  27r/(r).4  nm)  =s  1.2 
nm“']  between  (++ )  and  ( — )  intensities  reveals  the  presence  of  significant  ferromagnetic  ( FM ) 
order  parallel  to  the  14  Oe  quantizing  field,  consistent  with  the  MOKE  measurement  (Fig.  la). 
The  most  important  feature,  however,  is  the  broad  peak  in  the  SF  cross  sections  centered  around 
0.6  nm~*.  This  peak  indicates  that  the  sample  possesses  magnetic  structure  with  twice  the  pe¬ 
riodicity  of  the  chemical  .superlattice.  Antiferromagnetic  order,  with  adjacent  Co  layer  inomenls 
oppositely  aligned,  characteristically  produces  this  type  of  scattering. 

The  ob.servations  outlined  above  can  be  quantified  by  using  the  exact  solution  of  the  spin- 
1/2  Schrodinger  equation  for  a  stratified  medium  to  model  the  depth  profile  of  the  superlattice 
(see  ref.  [15]  for  a  description  of  the  fitting  process  and  the  references  cited  in  ref.  [16]  for  the 
polarized  neutron  formalism).  The  solid  lines  in  Fig.  2a  were  generated  from  the  profiles  shown 
in  Figs.  2b  and  2c,  described  in  Tables  I  and  II.  The  data  exhibit  a  smaller  critical  angle  for 
total  reflection  in  the  (++)  cross  section  than  would  be  expected  if  the  Co  were  completely 


Q  (nm  ‘)  2  (nm) 

Figure  2:  Polarized  neutron  reflectivity  and  scattering  density  profiles,  (a)  Spin-flip  (SF)  and 
non-spin-flip  (NSF)  reflectivities  are  plotted  as  a  function  of  wavevector  transfer  Q  =  4ff^sii)  9/X. 
The  strong  splitting  at  Q  as  27r/(5.‘l  nm)  «  1.2  nm”*  in  the  NSF  indicates  h  rroniagnetir  order, 
while  the  weaker  and  broader  peak  at  O.fl  nm”'  in  the  SF  i.s  the  signature  of  AF  structure.  The 
missing  data  points  in  the  SF  scan  near  Q  »  0.85  nm”'  result  from  subtraction  of  a  non-spec\i]ar 
background.  The  points  adjacent  to  this  region  should  therefore  be  taken  as  upper  limits  on  the 
intensity  that  was  subtracted  away.  The  solid  lines  represent  a  mode)  calculation  including  a  159^ 
AF  domain  occupancy,  while  the  dashed  line  was  obtained  from  a  completely  FM  model.  The  SF 
data  have  been  offset  by  two  orders  of  magnitude  and  are  plotted  versus  the  scale  on  the  right 
axis,  (b)  Nuclear  scattering  density  depth  profile.  Proceeding  inward  from  vacuum  (r  =  0).  one 
encounters  Co  oxide,  the  Cu/Co  superlattice  (12  nm  <  z  <  64  nm),  the  Nb  buffer  layer,  and  the 
AI2O3  sub.strate.  (c)  Magnetic  scattering  density  depth  profile.  This  curve  essentially  tracks  the 
presence  of  Co,  which  we  observe  to  be  present  in  the  non-magnetic  Cu  layers  (minima). 


I 

1 
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Table  II:  Magnetic  domain  populations.  The  model  fits  are  produced  from  coherent  (amplitude) 
sums  of  different  magnetic  domains,  weighted  by  their  occupancies.  Most  of  the  sample  'des 
in  ferromagnetic  (FM)  domains,  both  aligned  with  the  field  (7  =  90®)  and  normal  to  it  (7  =  0®). 
The  FM  domains  are  coherent  through  all  10  bilayers,  while  the  antiferromagnetic  ( AF)  domains 
are  only  coherent  through  about  4  bilayers. 


Type 

7 

Occupancy 

Coherence  Length 

FM 

65% 

>  .50-0  run 

FM 

■20% 

>  50.0  iim 

AF 

07180° 

15% 

~  20.0  nin 

remanently  magnetized.  This  reduced  critical  angle  implies  that  the  magnetic  domains  scatter 
coherently — we  must  calculate  the  average  magnetic  moment  from  these  domains  heforf  squaring 
the  reflectivity  amplitude  to  obtain  the  intensity.  Employing  such  a  procedure,  we  find  that  only 
65%  of  the  Co  is  in  remaiience.  The  broad  peak  in  the  SF  intensity  at  Q  =:  0.6  nm"‘  (see  Fig. 
2a)  can  be  reproduced  by  assuming  that  15%  of  the  Co  moment  resides  in  AF  domains  w  hich  are 
coherent  over  about  four  bilayers  20.0  niii).  The  remaining  20%  of  the  (  0  moitu'iit  is  fouml 
in  FM  domains  with  net  projections  along  the  direction  normal  to  the  quantizing  held.  1  he  solid 
lines  in  Fig.  2a  were  calculated  using  this  model,  which  is  described  in  Figs.  2b.  2r.  and  Tables 
I  and  II.  The  dashed  line  plotted  with  the  SF  data  was  calculated  by  as.suming  that  all  .15%  of 
the  non-remanent  moment  Ks  ferromagnetic  and  oriented  in  the  SF  direction.  Tlie  p{>or  fit  of 
this  model  (dashed  line)  to  the  SF  intensity  near  Q  =  0.6  nm”’  demonstrates  that  the  observed 
scattering  cannot  be  reproduced  by  purely  FM  domain.s. 

DISCUSSION  AND  CONCLUSION 

We  have  determined  the  njagnetic  structure  in  the  growth  direction  of  an  .VIBE-growu  ('o/(’u- 
(111)  superlattice  (dcu  =  ‘2.0  ntn)  and  find  multiple  domain.s,  strong  remanent  ferromagnetism, 
and  a  small  but  significant  antiferromagnetic  .structural  component.  Ba.sed  on  x-ray  .specular 
reflectivity  measurements,  we  have  found  it  necessary  to  include  in  our  model  a  substantial  amount 
of  mixing  of  the  (’o  and  Cu  layers  (see  in  particular  Fig.  2c).  The  exact  nature  of  this  mixing 
is  an  important  issue  that  cannot  be  addre.sscd  solely  by  a  specular  reflectivity  measurement. 
One  must  separate  out  the  contributions  of  atomic  steps  (caused  by,  e.g.,  substrate  mis-cut).  true 
diffusion,  and  uncorrelated  interfacial  roughness  before  making  any  statement  about  the  possible 
existence  of  pinholes  (see  ref.  [18]).  However,  our  observation  of  substantial  structural  disorder 
and  multiple  magnetic  domains  is  consistent  with  a  very  recent  scanning  tunneling  microscopy 
study  of  Co/Cu(lll)  growth  (19).  This  study  finds  islands  of  i'o  and  (’u  with  gaps  between, 
allowing  for  Co  bridges  through  Cu  and  vice  versa.  Such  a  structure  would  explain  ii»e  large 
ferromagnetic  component  seen  in  these  films.  We  are  currently  at  work  on  an  analysis  of  diffuse 
and  Bragg  scattering  which  we  hope  will  further  elucidate  the  extent  of  the  pinhole  phenomenon 
and  its  consequences  for  magnetic  structure. 

In  conclusion,  we  have  given  definitive  proof  of  the  existence  of  oscillatory  coupling  in  MHK 
grown  Co/Cu(lll)  superlattices  by  observing  anliferroinagnetic  order  for  dcn  =  2.0  nm.  By 
studying  such  an  ill-behaved  system  as  epitaxial  Co/Cu(lU),  we  can  better  understand  the 
general  interaction  between  growth,  .structure,  and  magnetism.  Our  ongoing  effort  is  to  furtlu’r 
this  work  by  improved  x-ray  and  neutron  structural  characterization. 
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SINGLE  AND  COMBINED  LAYERS  OF  Co,  Cu,  AND  Pd  ON  W(IIO) 
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ABSTRACT 

In-situ  recording  of  ultra-thin  film  growth  by  Low  Energy  Electron  Microscopy  (LEEM) 
re,sults  in  accurate  determinations  of  monolayer  metal  deposition  rates  for  difllcult  to  calibrate 
deposition  geonictries.  Deposition  rates  and  growth  features  were  determined  forCii  and  Co 
on  W(1 10)  allowing  for  thickness  control  at  the  submonolayer  level.  Al.so.  the  transparencies 
of  non-magnelic  overlayers  of  Pd(l  1 1)  and  Cu(l  1 1 )  to  very  low  energy  spin  polarized 
electrons  were  compared  and  qualitatively  explained  by  band  structure  considerations  Cu(  1 1 1 ) 
is  much  more  transparent  than  Pd(l  1 1)  so  that  magnetic  domain  structures  can  be  observed 
through  at  least  4  nm  of  Cu(l  1 1).  This  .suggests  the  use  of  Cu(l  1 1)  and  other  metals  of 
suitable  band  .structure  as  protective  layers  for  surf.acc  magnetic  studies. 

INTRODUCTION 

Multilayer  sandwiches  of  magnetic  and  non-magnctic  materials  have  recently  been 
studied  in  much  detail  owing  to  interest  in  their  basic  properties  and  in  potential  technological 
applications  (1-91  using  a  variety  of  experimental  approaches.  Direct  imaging  of  domain 
structures  on  magnetic  surfaces  and  in  magnetic  thin  films  grown  on  magnetic  or  nonmagnetic 
metallic  supports  has  been  accomplished  with  varying  degrees  of  lateral  re.solution  by  Kerr 
micrascopy  ( I0|,magnetic  X-ray  microscopyl  1 1 1.  and  Scanning  Electron  Micro, scopy  with 
Polarization  Analysis  ( 12  -  14j.  We  have  recently  demonst rated  the  u.sefulnc.ss  for  surface 
magnetic  imaging  of  a  new  experimental  appmach  abbreviated  as  SPl.EEM  (Spin  Polarized 
Low  Energy  Electron  Microscopy)  [15.161  'he  main  atlmclion  of  which  is  its  imaging 
specd[171  and  its  integrated  u.sc  with  LEEM/LEED  methods  [181. 

SPLEEM  is  .  therefore,  particularly  well  suited  for  the  in-situ  investigation  of  epitaxial 
growth  ptoce,s.ses  when  appropriate  vapor  deposition  facilities  arc  incorporated  into  the  I'HV- 
based  SPLEEM  instrument,  and  the  fabrication  of  miiltihiyer  thin  film  sandwiches  by  the 
sequential  deposition  of  magnetic  and  non  m.tgnctic  metals  becomes  possible.  The  thickness 
of  both  the  magnetic  layers  and  the  non-magnctic  .spacers  can  be.  however,  of  critical 
importance,  and  an  exact  determination  of  the  respective  metal  deposition  rates  is  requited. 
Demonstrating  the  case  of  monolayer  rate  determinations  by  LEEM  (  a  video  clip  will  be 
pre.sented  at  the  Conference)  for  Cu  and  Co  growing  on  a  W(l  10)  substrate  crystal  is  the  main 
objective  of  this  paper.  In  addition  it  will  be  .shown  that  rcblivcly  (hick  epitaxial  overlayers  of 
( 1 1 1 )  Cu  arc  magnetically  transparent  to  imaging  electrons  of  very  low  energy  in  contrast  to 
(1 1 1)  Pd  layers. 


RESm.TS  AND  DISCUSSIONS 

Co,  Pd  and  Cu  were  deposited  from  rate  controlled  evaporation  sources  located  in  a 
separate  evaporation  chamber  attached  to  the  main  microscope  and  resulting  in  a  shallow  angle 
of  incidence  to  the  W(1 10)  sub.strate.  The  tung.stcn  substrate  crystal  is  usually  cleaned  by  low 
pressure  oxygen  treatment  and  by  repealed  fla-shing  to  alioul  2000  K  (  followed  by  brief 
.secondary  fla.shes  to  1400  K)  just  before  cooling  to  the  deposition  temperature,  which  in  the 
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cases  reported  here  was  either  about  7(X)  K  or  nK«ii  temperature  (RT)  The  energy  of  the 
imaging  electrons  ranged  between  I  and  5  cV  and  was  adjusted  so  as  to  maximize  the 
(diffracticvn)  iinage  contrast  for  the  metal  structures  under  observation  (see  later). 

The  growth  processes  at  the  elevated  deposition  temperatures  were  recorded  by  video- 
rate  taping.  Growth  sequences  captured  from  the  video  recordings  are  displayed  in  the  first 
two  figures  where  the  image  magnifications  are  defined  by  the  circular  field  of  view  the 
diameter  of  which  is  14  microns.  Fig  1  depicts  the  first  and  second  monolayer  (ML)  growth  of 
Cu.  At  the  time  t  =  0  the  1  st  monolayer  starts  growing  and  at  i  =  1 87  sec  the  2nd  nKrnolaycr 
has  Just  started  although  the  1st  ntonolayer  is  not  quite  complete  At  I  =  7d0  sec  the  2nd 
nuinolayer  is  almost  complete.  With  growth  times  of  1 85  and  596  secons  for  the  end  of  the 
first  and  second  ML  and  considering  the  respective  atomic  surface  densities  of  1 4  and 
,TbtlO@  cm  (22J  ,  a  deposition  rate  of  7.57  x  10  cm  ^  sec  ’  is  detennined. 

It  is  also  of  interest  to  focus  on  the  different  growth  mrxfes  and  image  contrast  effects 
that  ate  obvious  in  these  growth  images  of  the  first  and  .second  monolayer  of  Cu.  As  pointed 
out  previously  (19-21)  .the  growth  of  a  low  free  surface  energy  metal  like  Cu  on  a  high  free 
surface  energy  metallic  substrate  like  W  at  elevated  substrate  temperature  will  lead  to  Siranski- 
Kraslanov  growth  which  is  monolayer-by-monolayer  growth  followed  by  the  formation  of 
three-dimcnsin.sional  cry.staLs  due  to  increaiting  .strain.  The  images  at  i  =  20.  1 35.  and  170 
seconds  in  fig.l  show  details  of  this  growth  in  the  first  monoLayer.  Sub.strate  surface  steps  that 
are  hardly  distingui.shable  at  t  =  0  are  well  decorated  at  t  =20  .sec.  Thereafter,  the  bright 
contrasted  Cu  areas  exhibit  2-dimensional  dentridic  growth  patterns  until  only  a  few  (dark) 
holes  remain  at  t  =  187  sec  when  .second  layer  growth  .  exhibiting  dark  image  conira.st  features 
is  initialed  .  This  proceeds  in  a  'step  flow'  like  mode  as  w.as  previously  described  for 
Cu/Mo(ll0)(211. 

The  first  two  layers  of  Cu  can  be  di.stingni.shed  easily  by  LEEM  because  they  have 
different  cry.stallographic  structures  causing  "diffraction  contrast",  the  usually  dominating 
contrast  mechanism  in  LEEM.  The  first  layer  is  a  p.scudomorphically  strained  Cu  layer 
whereas  the  second  layer  is  a  mi.sfitting  double  layer  (22).  (More  specifically,  we  are  .seeing 
the  effects  of  "bright-field  diffraction  conira.st"  here  .which  is  only  one  of  three  different 
modes  of  diffraction  contrast.  The  other  two  modes  are  "lilted  bright  field"  and  "dark  field" 
contrast  and  both  find  application  when  .surface  .structural  differences  do  not  show  up  as 
differences  in  the  inten.sity  of  the  reflected  (00)  imaging  beam  (23) )  The  surface  steps  seen  in 
images  of  clean  single  crystal  W  or  other  .sub.siralcs  are  due  to  a  different  type  of  LEEM 
image  contrast;  they  are  "phase  contrast"  images  caused  by  interference  effects  of  electron 
beams  reflected  from  substrate  areas  of  diffcrcnl  height  and  are.  therefore,  strongly  dependent 

on  electron  energy  and  on  focusing  conditions.  Under  the  focusing  conditions  used  in  figs.  1 
and  2  .  diffraction  and  not  phase  contrast  was  tnaximi/cd. 

Fig.  2  shows  a  video-captured  growth  .sequence  for  Co  on  the  same  W(1 10) 
substrate  but  at  slightly  lower  temperature.  This  sequence  is  shown  not  only  because 
we  routinely  prepare  epitaxial  Co  layers  as  magnetic  test  layers  with  well  defined  domain 
patterns  (see  later)  but  also  because  here  structural  changes  occur  within  a  single 
monolayer  that  show  up  as  distinct  contrast  differences  in  LEEM  images.  From  t  =  0  to  t 
=  132  sec  the  continuing  growth  of  the  pseudomorphic  Co  layer  with  bcc  structure  can  be 
observed  up  to  a  coverage  of  0.775  ( t  =  170  sec).  At  this  point,  the  addition  of  more  Co 
causes  the  gradual  transition  to  the  hexagonal  Co  structure  which  results  in  different 
diffraction  contrast.  This  hexagonal  Co  layer  continues  to  spread  until  a  complete  monolayer 
of  hexagonally  structured  Co  is  reached  at  t  =  219  sec.  A  deposition  rate  of  1.544  x  10” 
cm  ^  sec  '  follows,  and  additional  layers  of  Co  of  the  same  structure  can  now  be  grown  on 
top  of  this  Co  monolayer  at  RT  for  magnetic  test  purposes. 

•Such  a  test  layer  of  epitaxial  Co  with  well  delineated  magnetic  domains  is  shown  on  the 
left  of  fig.3.  It  is  being  used  in  this  case  to  study  the  transparency  of  a  number  of  non-magnelic 
overlayers  to  low  energy  imaging  electrons  in  SPLEEM.  The  right  side  of  fig.3  demonstrates 


6  ML  Co(0001)/W(110)  8  ML  Pd<111); 

6  ML  Co(0001),W(110) 

Fig. 3:  Transparency  of  Pd(1 1 1  )Layers 
to  1.5  eV  Electrons 
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6  ML  Co(0001)/W(110) 


Fig.4;Transparency'  of  Cu(111)  Layers 
to  1 .5  eV  Electrons 
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the  effect  of  8  monolayers  of  Pd(l  1 1)  at  the  same  imaging  energy.  In  spite  of  strong  contrast 
enhancement  during  image  processing,  the  domain  structures  are  only  just  recognizable  and  the 
effect  was  almost  as  drastic  with  4  monolayers  of  Pd.  A  very  different  behavior  was.  however, 
found  for  Cu(l  1 1)  overlayers.  Here  up  to  at  least  14  monolayers  were  highly  transparent  to 
magnetic  information  from  the  underlying  Co  (see  fig.4  for  the  case  of  9  monolayers  of  Cu  at 
the  same  imaging  energy  of  1 .5  eV).  Care  has  to  be  taken,  however,  when  interpreting  these 
results  because  of  a  strong  dependence  of  the  reflected  (00)  beam  intensity  asynunetry  for  spin 
polarized  electrons  on  their  energy.  Quantitative  results  for  Cu(l  1 1)  are  forthcoming  [24]  but 
similar  intensity  oscillations  for  Cu(IOO)  films  and  12  eV  energy  have  been  measured  (25J  and 
related  to  interference  between  electrons  reflected  from  the  film/vacuum  and  film/.subslrate 
interface,  i.e. phase  contrast  or  quantum  size  contra.st  (26,23)  effects  are  responsible.  As  a 
consequence,  asymmetry  related  contrast  variations  arc  found  when  changing  the  imaging 
energy  in  SPLEEM.  This  effect  is  demonstrated  in  fig.  5  for  Cu(  1 1 1 )  overlayers  of  varying 
thickness  acquired  at  a  constant  imaging  energy  of  1 .4  eV.  In  principle,  similar  contrast 
variations  can  be  seen  for  Pd  ovcrlaycrs  too  but  the  absolute  asymmetry  changes  are 
substantially  reduced  when  compared  toCu. 

How  can  such  different  degrees  of  attenuation  of  asymmetry  between  Cu  and  Pd  be 
interpreted?  They  are  not  so  much  due  to  different  inelastic  mean  free  paths  in  the  two 
metal  layers  but  mainly  caused  by  differences  in  elastic  backscattering.  At  the  very  low 
energies  used  (1.5  eV  above  vacuum  level  corresponding  to  about  6  -  7  eV  above  the 
Fermi  level)  inelastic  scattering  is  weak  compared  to  elastic  scattering  (see  e.g,  127)).  Elastic 
backscattering  in  crystals  is  governed  by  the  band  structure.  At  the  energy  of  maximum 
asymmetry  in  Co,  Pd  has  a  band  gap  along  the  C  /L  (111)  direction  so  that  the  electron 
wave  which  is  incident  along  this  direction  is  strongly  damped.  In  Cu.  however,  allowed 
states  are  available  at  this  energy  which  results  in  considerable  penetration.  Thus  the 
observed  difference  in  the  transparency  of  Cu(lll)  and  Pd(lll)  layers  is  easy  to  understand 
qualitatively.  Quantitative  comparisons  will  have  to  wait  for  dynamical  LEED  calculations. 


This  work  was  partially  supported  by  the  Deutsche  Forschungsgemeinschaft  and  by  the 
Volkswagen  Foundation.  Thanks  arc  due  to  Thomas  Mueller  for  image  processing  supptirl. 
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Lawrence  Livermore  National  Laboratory,  Chemistry  &  Materials  Science  Department, 
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ABSTRACT 

Magnetic  circular  dichroism  in  the  Fe  2p  x-ray  absorption  is  observed  in  multilayers  of 
(Fe9.5A/Pt9.5A)92.  The  magnetization  and  helicity  are  both  in  the  plane  of  this  multilayer 
which  is  prepared  by  magnetron  sputter  deposition.  This  sample  is  part  of  a  study  to  examine 
magnetization  in  the  ternary  multilayer  system  of  FeCo/Pt.  Lattice  and  layer  pair  spacings  are 
measured  using  x-ray  scattering.  The  atomic  concentration  profiles  of  the  multilayer  films  are 
characterized  using  Auger  electron  spectroscopy  coupled  with  depth  profiling.  Conventional 
and  high  resolution  transmission  electron  microset^y  are  used  to  examine  the  thin  film,  growth 
morphology  and  atomic  structure. 

INTRODUCTION 

The  observation  of  perpendicular  magnetic  anisotropy  in  the  Co/PtU'^I  and  Fe/Ptl^l 
multilayer  systems  proves  to  be  of  interest  for  magnetic  and  magneto-optic  recording 
applications.  The  magnetic  propenies  of  Fe/Pt  multilayer  films  are  strongly  dependent  on  the 
relative  as  well  as  absolute  layer  thicknesses.l^l  X-ray  absorption  spectroscopy  (XAS)  is  used 
for  elemental  analysis  and  magnetic  circular  dichroism  (MCD)  measurements.  It  is  shown  that 
MCD  can  be  a  useful  technique  for  monitoring  changes  in  the  orientation  of  sample 
magnetization. An  in-plane  magnetization  of  a  (Fe9.5A/Pt9.5A)92  multilayer  thin  film  is 
found  using  both  MCD  and  conventional  magnctometry.l*)  The  MCD  technique  has  the 
potential  to  follow  the  magnetic  axis  orientation  in  FeCo/Pt  magnetic  thin  films  as  well  as 
provide  elemental  specific  determination  of  the  magnetic  moment. 


SAMPLE  PREPARATION 

The  FeCo/Pt  multilayer  samples  are  prepared  using  magnetron  sputter  deposition.  The 
deposition  chamber  is  cryogenically  pumped  to  a  base  pressure  of  1.3xl0‘5  Pa.  A  circular 
array  of  magnetron  sources  is  situated  20  cm  beneath  an  oxygen-free  copper  platen.  The 
magnetron  sources  are  operated  in  the  dc  mode  at  a  330-390  Volt  discharge.  An  argon 
working  gas  pressure  of  0.40  Pa  is  used  at  a  flow  rate  of  15.5  cc  min*'.  The  substrates  arc 
sequentially  rotated  over  each  source  at  1.0  rev  min"'.  The  target  materials  arc  >0.9994  pure. 
The  polished  Si  substrates  are  cleaned  with  a  procedure  consisting  of  a  detergent  wash, 
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deionized  water  rinse,  alcohol  rinse  and  a  Nj  gas  drying  prior  to  deposition.  The  substrates 
remain  at  a  temperature  between  293  and  306  K  during  the  deposition.  The  sputter  deposition 
rates,  between  0.02  and  0.50  nm  sec  *,  are  monitored  using  calibrated  quartz  crystals.  The 
quartz  crystals  indicate  the  component  layer  thicknesses  (Sample  column  of  Table  1)  and  the 
layer  pair  thicknesses,  dpcCtVPt*^*--  The  multilayer  films  are  grown  to  a  0.2(im  thickness. 


CHARACTERIZATION  METHODS  AND  RESULTS 
X-Rav  Diffraction 

The  lattice  and  layer  pair  spacings  of  the  FeCo/Pt  multilayers  are  measured  using  x-ray 
diffraction.  A  powder  diffractometer  equipped  with  a  graphite  monochromator  is  operated  in 
the  0/26  mode  at  both  grazing  incidence  and  high  angle  using  Cu  /fa  radiation.  The  grazing 
incidence  scans  of  the  multilayer  films  (XRD  column  of  Figs.la-f)  reveal  the  satellite 
reflections  about  ((XX))  attributable  to  the  composition  modulation  in  the  multilayer  growth 
direction.  The  first  three  satellite  peak  positions  (n  =  1 ,2,3)  are  corrected  for  refraction  and 
fitted  to  compute  a  layer  pair  spacing  dpcCo/Pt*****^  (Table  I).  The  layer  pair  spacings 
dpcCo/Pt****’  are  in  agreement  to  within  0.01  nm  of  the  crystal  monitor  values  dpcCo/Pi*^-  The 
high  angle  Bragg  reflections  indicate  that  the  thin  film  samples  are  all  oriented  along  the  1 1 1 1 1 
direction  of  a  face-centered-cubic  (fee)  lattice.  The  interplanar  spacing,  d(i  ii)XkD  (Table  1),  is 
generally  intermediate  to  the  values  of  pure  Pt(ll  1)  at  0.2266nm  and  YFe(l  1 1)  at  0.2106nm. 
A  first-order  satellite  reflection  below  the  Bragg  reflection  in  the  0/20  scans  indicates  layer  pair 
spacings,  from  the  relationship  (s(in)  Ssaiclliu:I''  where  s  =  d‘*,  for  the  films  consistent  with 
the  grazing  incidence  measuiements.l*! 

Table  I.  Layer  Pair  and  Interplanar  Spacings  (nm)  of  FeCo/Ptl  111)  Multilayers 


Sample 

d(,„)XRD 

dpcCo/Pi^*^*^ 

dPcCo/Pi 

(Co3.9AA>t9.lA)i35 

0.2223 

1.295 

1.294 

(Fe  I  .vACo  1 .8A/Pt9.7A)  1 35 

0.2246 

1.288 

1.313 

(Fe9.5A/Pt9.5A)92 

0.2193 

2.008 

1.895 

(Fe3.0A/Pt9.7A)i35 

0.2252 

1.280 

1.267 

(Fe3. 1  A/Pt  19.4A)76 

0.2270 

2.228 

2.245 

(Fe3.lA/Pt38.8A)44 

0.2274 

4.238 

4.187 

Auger  Electron  Spectroscopy 

Atomic  concentration  profiles  of  the  multilayer  thin  films  are  measured  using  Auger 
electron  spectroscopy  (AES)  coupled  with  depth  profiling.  A  3  keV,  10  pA  electron  beam  is 
used  to  generate  the  Auger  electrons.  The  measured  intensities  of  the  1.967  keV  platinum  peak 
(Pt  MNN),  the  703  eV  iron  peak  (Fe  LMM),  the  272  eV  carbon  peak  (C  KLL)  and  the  503  eV 
oxygen  peak  (O  KLL)  from  data  accumulated  in  the  derivative  mode  are  used  to  compute  the 


mieitsicy  iciruKrary 


Figure  1 .  TTie  columns  correspond  to  the  x-ray  absorption  at  the  Fe  2p  and  Co  2p  edges  using 
linear  polarization  and  normal  incidence  measurement  of  the  FeCo/Pt  multilayer  samples. 


log  Intensity  (arbitrary  units) 


2  0  (degrees)  Sputter  Time  (min) 

Figure  1  .(coniinued)  The  columns  cwrespond  with  grazing  incidence  x-ray  diffraction  (XRD) 
scans  and  Auger  (AES)  depth  profiles  of  the  FeCo/Pt  multilayer  samples,  as  listed  in  (a-0. 
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atomic  concentrations.  A  2  keV,  0.92  (iA  ai^on  ion  beam  is  used  to  sputter  etch  a  25  mm^  area 
of  the  sample  surface.  The  gas  pressure  for  the  sputter  etch  is  4x10'^  Pa  whereas  the  Auger 
system  base  pressure  is  6.7x10'*  Pa.  Once  the  surface  oxide  is  sputtered  through,  the  film 
composition  is  shown  to  be  uniform  and  free  of  any  C  or  O  contamination  (AES  column  of 
Figs.la-f).  The  concentration  analysis  of  the  films  using  AES  are  in  agreement  to  within  10% 
of  the  absolute  concentration  value  for  each  component  as  determined  Oom  the  calibrated  quartz 
crystal  monitor  readings  of  component  layer  thicknesses. 

Transmission  Electron  Microscopy 

Transmission  electron  microscopy  (TEM)  and  high  resolution  imaging  reveal  the  multilayer 
film  morphology  and  lattice  structure.  The  FeCo/Pt  films,  as  imaged  in  both  plan  view 
(Fig.2a)  and  cross-section  (Fig.2c),  are  typified  by  a  dense  columnar  growth.  The  plan  view 
electron  diffraction  patterns  reveal  the  polycrystalline,  in-plane  nature  of  the  films.  The  ring 
pattern  (Fig.  2b)  of  this  fee  phase  is  indexed  to  a  lattice  parameter  of  0.3848nm.  This  lattice 
spacing  corresponds  quite  well  with  the  high  angle  diffraction  data  that  gives  a  lattice  parameter 
of  0.3798nm.  Diffraction  patterns,  taken  from  the  multilayer  as  viewed  in  cross-section,  reveal 
a  5-8*  mosaic  of  the  lattice  pianes  perpendicular  to  the  [1 1 1]  growth  direction.  Selected  area 
diffraction  patterns  of  individual  grains,  viewed  in  cross-section  (Fig.  2d),  clearly  show  the 
[111]  growth  direction  of  an  fee  phase  in  this  (110)  pole  projection.  The  FeCo/Pt  thin  film 
samples  are  therefore  [111]  textured  in  the  growth  direction  but  randomly  oriented  in-plane. 
The  average  grain  size  is  27-30nm,  as  measured  from  the  bright  field  images  (as  Fig.2a). 
Lattice  images,  recorded  at  the  Scherzer  defocus  condition  using  a  400  keV  electron  beam, 
show  each  grain  to  consist  of  a  single-phase  fee  structure  (Fig.3). 

X-rav  Absorption  Spectroscopy  and  Magnetic  Circular  Dichroism 

The  XAS  and  MCD  measurements  are  performed  on  a  spherical  grating  monochromator 
with  the  ability  to  generate  soft  x-rays  with  a  high  degree  of  linear  or  circular  polarization. P-*®) 
The  absorption  measurements  are  made  in  a  partial  electron  yield  mode  with  a  kinetic  energy 
window  centered  around  50  eV.  The  XAS  spectra  (Fe  2p  and  Co  2p  columns  in  Fig.  la-0  are 
for  normal  incidence  (i.e.  0’  from  the  sample  normal).  The  curves  correspond  to  linear 
polarization  scans  for  elemental  analysis.  The  presence  of  Fe  as  well  as  Co  is  detected  for  even 
the  smallest  film  concentrations,  e.g.  7at.%  Fe  in  sample  (Fe3.lA/Pt38.8A)44.  For  the  MCD 
measurements,  the  samples  are  magnetized  in-situ  with  a  pulse  coil  capable  of  generating  a 
3kOe  field.  MCD  in  x-ray  absorption  is  observed  as  a  circular  polarization  dependent  intensity 
variation  in  the  L2  and  L3  edges  for  3d  transition  metals.  The  polarization  dependence  requires 
that  the  incident  x-ray  helicity  (either  parallel  or  anti-parallel  to  the  direction  of  pre^agation)  be 
aligned  or  anti-aligned  with  the  sample  magnetization.P-'ll  The  polarization  dependence 
vanishes  when  these  vectors  are  perpendicular.  An  intensity  difference  for  the  L2  and  L3  white 
lines  is  apparent  for  sample  (Fe9.5A/Pt9.5A)92  demonstrating  a  remnant,  in-plane 
magnetization  of  the  film  (Fig.4). 


Figure  2.  Conventional  transmission  electron  microscopy  of  sample  (Fe9.5A/Pt9.5A)«2.  as 
imaged  in  plan  view,  reveals  (a)  the  Fine  grain  size  in  the  bright  field  image  and  (b)  the 
preferred  (111)  texture  in  the  electron  diffraction  pattern  of  the  film.  Imaging  of  sample 
(Co3.9A/Pt9.  iA)|35,  as  prepared  in  cross-section,  reveals  (c)  layering  perpendicular  to  the 
growth  direction  (indicated  with  an  arrow)  and  (d)  a  1 1 1 1 1  oriented,  single-phase  structure  as 
seen  in  the  [  1 10|  pole  projection  of  this  face-centered  cubic,  selected  area  diffraction  pattern. 


Figure  3.  High  resolution  electron  micro¬ 
graph  of  the  sample  (Fe9.5A/Pt9.5A)92,  as 
imaged  in  cross-section.  The  growth  direct¬ 
ion  is  indicated  with  an  arrow. 


Photon  Energy  (eV) 

Figure  4.  Fe  L-edge  absorption  spectra  of  the 
(Fe9.5A/Pt9.5A)92  multilayer  for  the  x-ray  hel- 
icily  and  majority  d-electron  spin  nearly  parallel 
( — )  and  antiparallel  (— ).  This  is  an  illustration 
of  magnetic  circular  dichroism  using  circularly 
polarized  x-rays. 
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DISCUSSION  &  SUMMARY 

The  relative  strengths  of  the  L2  and  L3  abswpiion  edges  contain  information  about  the  spin- 
dependent  density  of  states  near  the  Fermi  level  and  the  spin-orbit  splitting  in  the  d-bands. 
Therefore,  information  is  available  about  the  spin  and  orbital  magnetic  moments  of  the 
material.n'l2-14|  n,g  moment  analysisl^l  applied  to  sample  (FeS).SA/Piy.sA)92  yields  a 
value  of  1  ±  0.5  pg/Fe.  The  analysis  is  complicated,  however,  by  the  polycrystalline  surface. 
If  the  sample  is  not  of  a  single  domain,  then  MCD  will  average  the  domains  yielding  a  moment 
that  reflects  the  average  projection  of  magnetization  along  the  photon  propagation  direction. 

In  summary,  we  have  studied  the  microstructure  of  FeCoAh  multilayer  films  using  x-ray 
diffraction  and  transmission  electron  microscopy,  the  composition  using  x-ray  absorption  and 
Auger  spectroscopy,  and  the  magnetic  behavior  using  MCD.  The  correlation  of  structural 
properties  with  magnetic  anisotropy  requires  detailed  and  elemental  sensitive  characterization. 
MCD  enables  the  study  of  multi-element  films,  as  FcCo/Pt,  where  the  local  moments  can  be 
determined  for  each  component  material. 
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MAGNETIC  PROPERTIES  OF  EPITAXIAL  6  ML  fcc-Fe/Cu(100)  FILMS 
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ABSTRACT 

A  Study  has  been  made  of  the  magnetic  properties  of  epitaxial  6  monolayer 
(ML)  fcc-Fe  films  on  Cu(100)  with  various  thicknesses  of  epitaxial  Cu  deposit^  on 
top  of  the  Fe.  It  was  found  that  the  magnetic  properties  undergo  striking  changes  as 
a  function  of  the  Cu  thickness.  The  easy  axis  of  magnetization  goes  from  being 
in-plane  for  the  bare  Fe  to  perpendicular  upon  the  deposition  of  1  ML  Cu. 

Concurrently  there  Is  a  dramatic  decrease  in  the  Kerr  signal  intensity  at  saturation. 
Upon  depositing  a  second  ML  of  Cu  the  Kerr  signal  intensity  more  than  doubles,  and 
the  easy  axis  remains  perpendicular.  For  Cu  overlayers  of  3  ML  to  10  ML  the  Kerr 
signal  intensity  at  saturation  gradually  diminishes  to  below  the  level  of  detectability, 
as  if  the  Fe  were  nonmagnetic.  A  superlattice  consisting  ol  60  ML  Cu/(6  ML  ^^Fe/ 1 0 
ML  Cu)x5/Cu(100)  was  fabricated  and  studied  at  room  temperature  by  conversion 
electron  Mdssbauer  spectroscopy.  The  results  confirmed  that  the  Fe  Is  indeed 
nonmagnetic.  The  four  inner  Fe  layers  of  the  6  ML  film  have  the  same  isomer  shift  as 
bulk  fcc-Fe  in  precipitates  in  Cu,  and  the  two  boundary  Fe  layers  exhibit  an 
asymmetric  quadrupole  doublet. 


INTRODUCTION 

The  study  of  ulfrathin  films  of  fcc-Fe  on  Cu(IOO)  has  been  Ihe  subject  of  much 
interest  and  some  controversy  in  recent  years.(1-10]  Such  films  have  sen/ed  as  a 
testing  ground  for  theories  of  epitaxial  growth  and  of  fundamental  magnetic 
interactions.[1-10]  These  films  are  also  of  interest  as  building  blocks  for 
nanocomposite  materials  consisting  of  epitaxially-grown  layered  structures  which 
exhibit  novel  and  technologically  important  properties  such  as  the  giant 
magnetoresistance  effect. (1 1]  There  are  several  reasons  for  interest  in  novel 
materials  based  on  the  Fe-Cu  system.  First,  Fe  and  Cu  have  low  solubilities  in  one 
another,  implying  greater  thermal  stability  with  respect  to  interdiffusion  than  would  be 
the  case  for  structures  of,  say,  Ni-Cu  which  are  miscible.  Second,  the  excellent 
lattice  match  between  fcc-Fe  and  Cu  means  that  structures  with  coherent  interlaces 
may  readily  be  grown.  Third,  small  fcc-Fe  atom  clusters  (2  - 10  atoms)  in  Cu  have  a 
large  moment,  and  this  effect  is  often  manifested  in  ultrathin  epitaxial  films  of  fcc-Fe. 
Fourth,  an  enhancement  of  a  factor-of-two  in  the  Kerr  rotation  (important  for 
magneto-optical  data  storage  applications)  have  been  found  for  the  Fe/Cu  system 
due  to  coupling  of  the  photon  with  the  plasma  edge  of  the  Cu.[1 2]  A  further 
enhancement  is  associated  with  an  exchange  interaction  in  Fe/Cu/Fe  structures.[9] 

EXPERIMENTAL 

The  molecular  beam  epitaxy  system  in  which  the  samples  were  grown  has 
been  described  in  previous  publications.(13-15]  Briefly,  it  consists  of  a  growth 
chamber  which  operates  in  the  lO'^o  torr  range  and  is  equipped  with  four  K-cells, 
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two  thin  film  thickness  monitors,  a  mass  spectrometer,  reflection  high-energy  electron 
(Effraction  (RHEED),  and  spot-profile-analysing  low-energy  electron  diffracrtion 
(SPA-LEED).  The  growth  chamber  is  attached  to  an  x-ray  photoelectron 
spectrometer  (XPS)  system  which  operates  in  the  1 0'^ '  torr  range  and  is  used  to 
monitor  sample  (Heanliness  and  filrr'  crystallinity  (via  photoelectron  diffraction). 
Attached  to  a  port  on  the  XPS  system  is  a  quartz  tube  which  passes  between  the 
pole  fa(»s  of  an  external  electromagnet.  The  vacuum  Insicte  the  tube  is  the  same  as 
in  the  XPS  chamber.  Magneto-optic  Kerr-effect  measurements  are  made  by 
directing  HeNe  light  onto  the  sample  through  a  6  mm  hole  drilled  in  one  pole  face. 

The  50  kHz  photoelastic  mcxtulator  technique  is  used  to  obtain  the  Kerr  rotation  and 
elliptidty  via  lock-in  amplifiers.  During  Kerr  rotation  measurements  a  Vedet  glass 
disc  is  placed  between  the  pole  face  and  the  quartz  tube  to  cancel  the  Kerr  rotation 
of  the  quartz  tube.  A  manipulator  permits  translation  of  the  sample  along  the  length 
of  the  growth  chamber,  through  the  XPS  chamber,  and  into  the  quartz  tube. 

The  conversion  electron  Mossbauer  chamber  is  a  separate  instrument.  It  is 
equipped  with  a  mylar  window  to  admit  the  y-rays  at  normal  incidence  on  the  sample 
and  a  channel  electron  multiplier  which  is  biased  at  -t-67  V  (at  the  entrance)  to  attract 
the  emitted  low-energy  secondary  electrons.  An  ion  pump  maintains  the  system  in 
the  10  ®  torr  range.  To  protect  the  samples  during  the  transfer  from  the  growth 
chamber  to  the  Mdssbauer  chamber  a  60  ML  Cu  overlayer  was  always  deposited  as 
the  final  step.  In  previous  work,  this  thickness  was  found  to  be  adequate. 

The  Cu(IOO)  single  crystals  used  in  this  work  were  oriented,  polished,  and 
cleaned  by  well  established  techniques.[1S] 

All  Fe  films  reported  in  this  work  were  grown  using  the  approach  of  Ref.  13,  in 
which  the  Cu(IOO)  substrate  is  cooled  to  approximately  80  K  before  depositing  the 
Fe  film.  Following  the  Fe  deposition  the  sample  is  annealed  gently,  usually  to 
approximately  350  K  for  about  20  s.  This  two-step  procedure  largely  suppresses  the 
extensive  intermixing  that  otherwise  occurs  during  room  temperature  deposition  of 
Fe,  as  Cu  atoms  initially  segregate  onto  the  deposited  Fe  and  then  gradually  get  left 
behind  in  the  growing  Fe  film.(13,16,17]  During  low  temperature  deposition  the 
growth  is  not  random  or  amorphous.[13,14J  Instead,  the  Fe  atoms  roll  down  into  the 
four-fold  hollows  of  the  (100)  surface  and  reside  in  lattice  sites,  as  shown  by  LEED 
and  XPS  diffraction.  However,  in  the  absence  of  thermal  diffusion  the  surface  is  very 
rough,  and  this  is  (xirrecrted  by  gently  annealing  the  films,  which  allows  only  the 
surface  atoms  to  diffuse,  and  this  effect  smooths  out  the  surface.  The  atomic 
sharpness  of  the  buried  Fe/Cu  interface  is  unaffected  since  the  onset  of  bulK  diffusion 
is  above  700  K.[1 8] 

Surface  segregation  is  not  a  problem  during  deposition  of  Cu  on  Fe  since  Cu, 
the  lower  surface  free  energy  metal,  prefers  to  wet  the  Fe  surface.  The  Cu  films  were 
generally  deposited  on  the  Fe  at  350  K.  immediately  after  the  gentle  annealing. [1 3] 

The  Kerr  effect  measurements  on  these  films  were  all  made  at  1 50  K,  well 
below  the  Curie  temperatures  so  that  the  saturation  values  of  the  signal  were  not 
subject  to  any  significant  thermal  effect.  The  Kerr  rotation  in  all  of  the  samples 
reported  here  was  an  order  of  magnitude  smaller  than  the  Kerr  ellipticity.  For  this 
reason,  only  the  ellipticity  loops  are  reported  here. 

RESULTS  AND  DISCUSSiON 

One  of  the  motivating  factors  behind  the  research  presented  here  was  an 
apparent  conflict  between  the  results  of  Ref.  6,  in  which  a  6  ML  fcc-Fe  film  deposited 
on  Cu(100)  was  reported  to  be  strongly  ferromagnetic,  and  the  results  of  Ref.  19,  in 
which  a  6  ML  fcc-Fe  film  on  Cu(IOO)  covered  by  60  ML  Cu  was  reported  to  be 
nonmagnetic.  An  essential  question  was  whether  there  was  a  genuine  conflict  here. 


as  seemed  likely,  or  whether  the  Cu  overiayer  was  somehow  destroying  the 
ferromagnetism  in  the  entire  Fe  film.  The  apparent  conflict  was  made  all  the  more 
dramatic  since  in  the  work  of  Ref.  6  the  Kerr  signal  intensity  increased  monotonically 
with  Fe  thickness  in  the  range  of  2  to  8  ML,  while  in  the  Cu-covered  Fe  films  of  Ref. 
19  both  the  Kerr  signal  intensity  and  neutron  scattehr^  measurements  indicated  that 
the  magnetization  decreased  monotonically  as  the  Fe  film  thickness  increased  from 
3  to  8  ML. 

The  data  obtained  in  the  present  studies  indicate  that  the  conflict  was  not  real, 
and  that  Cu  overlayers  indeed  have  a  surprising  and  profound  effect  on  the 
magnetism  of  6  ML  fcc-Fe  films  on  Cu(IOO).  In  Fig.  1  we  present  a  representative 
series  of  the  polar  Kerr  ellipticity  loops  obtained  in  this  work.  The  6  ML  Fe  films  with 
no  Cu  overiayer  have  their  easy  axis  in-plane,  in  agreement  with  the  magnetic- 
anisotropy  phase  diagram  of  Ref.  6.  Whan  1  ML  Cu  is  deposited  on  the  Fe  film  the 
easy  axis  changes  to  perpendicular  with  near  100  %  remanence.  There  ctppears  to 
be  no  precedent  for  such  an  effect  in  the  literature,  although  we  have  recently 
become  aware  of  work  in  preprint  form  reporting  somewhat  similar  effects.[20-22] 
This  work  indicates  that  strong  changes  can  occur  in  the  magnitude  of  the  anisotropy 
of  a  ferromagnetic  film  upon  depositing  a  nonmagnetic  overiayer. 


Scale  In  kOe 


Figure  1  Polar  Kerr  ellipticity  loops  for  a  clean  6  ML  Fe  film  on  Cu(IOO)  and  for  the 
same  Fe  film  covered  with  epitaxial  Cu  films  of  the  indicated  thickness. 

Also  without  precedent  in  the  literature  is  the  marked  reduction  in  the  saturation 
value  of  the  Kerr  signal  upon  depositing  1  ML  Cu  on  the  Fe  film.  Although  this  value 
is  not  invariably  proportional  to  the  magnetization  of  a  sample,  it  often  is.  For 
example,  in  the  case  mentioned  above  the  monotonic  decrease  from  3  ML  Fe  to  8 
ML  Fe  was  seen  in  both  the  neutron  measurements  (of  absolute  magnetization)  and 
in  the  Kerr  signal  strength. 
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Perhaps  even  more  remarkable  is  the  unprecedented  increase  ot  the  Kerr 
signal  strength  (by  more  than  a  factor-of-two)  in  these  films  in  going  from  an 
overlayer  of  1  ML  Cu  to  one  of  2  ML  Cu.  The  magnetization  of  the  Fe  is  apparently 
very  sensitive  to  the  thickness  of  the  Cu  overlayer.  For  3  ML  and  4  ML  ''u  the  Kerr 
iiignai  strength  decreases  and  the  coercivity  increases.  This  increase  in  coercivity 
would  be  surprising  if.  in  these  films,  the  coercivity  were  governed  by  domain  wall 
pinning  at  structural  defects.  The  addition  of  Cu  should  not  modify  these  defects. 
Instead,  it  seems  more  likely  that,  for  the  4  ML  Cu  case,  the  switching  occurs  by 
coherent  rotation,  and  anisotropy  governs  the  switching,  not  pinning  at  clefects.(22] 
Thus  the  primary  role  of  the  Cu  seems  to  be  to  change  the  magnetization  of  the  Fe 
film  and  its  anisotropy. 

Upon  increasing  the  thickness  of  the  Cu  overiayer  above  4  ML  the  strength  of 
the  Kerr  signal  fades  away  below  the  detectable  limit  above  about  10  ML  Cu.  No 
recovery  is  seen  upon  depositing  60  ML  Cu,  which  is  used  to  protect  the  samples 
exposed  to  air. 

It  seems  that  these  effects  might  due  to  electronic  interactions  between  the  Cu 
and  the  Fe,  however  structural  changes  in  the  Fe  cannot  easily  be  ruled  out  as  a 
possible  cause.  Although  there  is  some  controversy  about  the  stmctural  details  of 
this  system,  probes  such  as  LEED.  RHEED,  STM,  XPS  diffraction,  and  EXAFS  have 
generally  found  that  in  6  ML  Fe/Cu(100)  the  deviations  from  fcc-Fe  are  relatively 
small. [2. 10,23-31)  Therefore,  a  magnetovolume  instability  producing  a  first-order 
phase  transition  from  a  ferromagnetic  state  to  a  nonmagnetic  state,  which  is 
theoretically  possible  as  a  cause  of  our  results.(32.33]  cannot  be  confirmed  or  ruled 
out  at  this  time. 

It  may  bo  of  importance  here  that  the  thickness  range  in  which  the  most 
dramatic  changes  occur  (0  -  4  ML  Cu)  is  just  the  range  in  which  the  first  quantum  well 
state  of  Cu  has  been  reported  to  move  through  the  range  of  binding  energies  that 
correspond  to  the  d-band  of  Fe. (34-37)  Interactions  between  this  quantum  well  state 
and  the  Fe  d-bands  seem  plausible  as  a  cause  of  the  effects  we  report  here. 

In  view  of  the  complexity  of  the  behavior  of  this  system,  it  seemed  worthwhile  to 
make  a  more  definitive  examination  of  the  magnetic  state  of  the  6  ML  Fe.  In 
particular,  an  assessment  of  whether  Cu  overtayers  truly  quench  the  ferromagnetism 
in  this  system  seemed  to  be  in  order.  Mossbauer  spectroscopy  is  one  of  the  most 
informative  techniques  for  investigating  such  issues.  Accordingly,  a  superlattice 
sample  was  grown  using  57Fe  by  depositing  alternating  6  ML  Fe  and  10  ML  Cu  films. 
A  total  of  five  Fe  segments  were  deposited,  and  the  sample  was  capped  with  60  ML 
Cu  for  protection  from  air.  The  SPA-LEED  diffracted  beam  profiles  showed  that  the 
crystalline  order  of  the  sample  after  grovrth  of  the  superlattice  was  just  as  good  as 
that  of  the  Cu(1 00)  substrate.  Thus  any  defects  in  the  crystal  structure  during  the 
epitaxial  growth  of  the  superlattice  were  below  the  detectable  limit. 

Figure  2  presents  the  room  temperature  conversion  electron  Mossbauer  data 
for  the  superlattice.  The  lineshape  is  a  classic  example  of  Fe  in  a  nonmagnetic  state. 
A  deconvolution,  by  standard  methods,  into  the  components  corresponding  to  the 
interior  Fe  and  the  interface  Fe  gives,  as  the  solid  line  in  Fig.  2  shows,  a  reasonable 
fit  to  the  data.  For  a  more  exact  fit  a  third  line  may  be  added.  Its  position  is 
somewhat  arbitrary.  The  fit  becomes  more  definite  if  it  is  assumed  that  the  spectrum 
consists  of  a  single  central  line  with  the  same  isomer  shift  as  low-moment  fcc-Fe,  and 
an  asymmetric  quadrupole  doublet  consisting  ot  two  lines  of  equal  width.  The 
intensity  asymmetry  ot  the  two  lines  in  the  quadrupole  doublet  is  3.0,  indicating  an 
axially  symmetric  electric-fieid-gradient  tensor  with  the  principal  axis  parallel  to  the 
y-ray  direction,  consistent  with  the  geometry  of  the  film.  The  area  ratio  of 
approximately  2:1  is  consistent  with  the  expected  ratio  if  the  singlet  is  associated  with 
the  four  interior  Fe  atoms  of  the  6  ML  film,  and  the  doublet  with  the  two  interface  Fe 
atoms  of  the  6  ML  film.  The  isomer  shift  of  the  singlet  is  the  same  as  that  found  for 
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Velocity  (mm/s) 

Figure  2  The  conversion  electron  Mossbauer  data  for  a  superlattice  based  on  6  ML 
Fe  films. 

loiv-moment  fcc-Fe  precipitates  in  Cu.[38]  This  low-moment  slate  (-0.2  m^)  Fe 
orders  antiferro-  magnetically  with  a  N6el  temperature  below  80  K.[39]  No  Kerr  effect 
would  be  expected  for  this  Fe.  The  effect  on  the  Mossbauer  line  is  to  broaden  it 
significantly  below  the  Neel  temperature. [40]  Thus  the  room  temperature  Mossbauer 
data  is  entirely  consistent  with  a  nonmagnetic  state  of  6  ML  Fe  surrounded  by 
Cu{100).  Additional  details  are  provided  in  Table  I. 

TABLE  I 


Parameters  of  the  fit  shown  in  Fig.  2.  The  isomer 
shifts  are  relative  to  pure  a-Fe  at  300  K. 


Isomer  Shift 

FWHM 

Splitting 

Relative 

mm/s 

mm/s 

mm/s 

Area 

Central  peak:  -0.079 

0.0242 

- 

0.66 

Quadrupole  doublet:  0.064 

0.251 

0.252 

0.34 

it  may  be  noted  that  the  range  of  velocities  displayed  in  Fig.  2  does  not  extend  to 
the  -5  mm/s  region  in  which  the  most  intense  peaks  of  high-spin  ferromagnetic  Fe  are 
normally  found.  However,  a  separate  measurement  was  made  to  ±  7  mm/s  and  no 
such  peaks  were  found.  To  within  a  few  percent  the  sample  contains  no  magnetically 
aligned  Fe  atoms,  consistent  with  the  Kerr  effect  observations.  Figure  2  displays  only 
the  central  portion  of  the  data  in  order  for  the  details  of  the  lineshape  to  be  visible. 

CONCLUSIONS 


The  major  conclusions  of  this  work  are  the  following. 
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1 )  The  6  ML  Fe  on  Cu(1 00)  is  strongly  ferromagnetic  when  the  surface  is  exposed 
in  vacuum. 

2)  Upon  deposition  of  Cu  on  this  surface  major  changes  are  induced  in  the 
magnetization  and  the  anisotropy. 

3)  The  most  dramatic  effect  occurs  for  1  ML  Cu,  which  reduces  the  Kerr  signal 
strength  by  a  factor  of  ~6  and  reorients  the  easy  axis  from  in-plane  to 
perpendicular. 

4)  Perhaps  more  remarkable  is  that  upon  going  from  1  ML  to  2  ML  Cu  the  Kerr 
signal  strength  increases  by  more  that  a  factor  of  two. 

5)  Kerr  effect  measurements  suggest  that  in  the  overtayer  thickness  range  of  4  - 1 0 
ML  Cu,  the  ferromagnetism  of  the  Fe  is  eliminated. 

6)  Mdssbauer  measurements  confirm  that  in  a  superlattice  composed  of  6  ML  Fe 
and  10  ML  Cu  films  the  Fe  is  nonmagnetic. 
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ABSTRACT 

The  stable  structure  of  cobalt  is  hexagonal  closed  packed  (hep),  but  cobalt  can  be  stabilized 
in  the  face  centered  cubic  structure  (fee)  by  epitaxy  on  Cu  ( 1()0).  These  films  are  ferromagnetic 
with  [1 10]  in  plane  easy  axis.  The  magnetic  anisotropies  of  these  films  strongly  depend  on  their 
structure,  and  in  particular  to  the  possible  deviation  from  the  isotropic  fee  structure.  We  have 
studied  these  films  by  surface  EXAFS.  By  recording  the  spectra  both  in  normal  incidence  and 
in  grazing  incidence  we  have  shown  that  die  Co/Cu(100)  films  have  iface  centered  tetragonal 
structure  :  the  mean  nearest  neighbour  distance  parallel  to  the  surface  is  2.SS  A  (same  value  as 
in  bulk  copper)  and  the  interlayer  bonds  length  is  2.50  A  (same  value  as  in  bulk  cobalt).  We 
conclude  that  the  films  are  in  perfect  epitaxy  on  copper  (100)  with  a  contraction  of  the  lattice 
parameter  perpendicular  to  the  surface  of  4%.  A  constant  tetragonalization  is  observed  for  films 
of  2  to  15  monolayers. 


INTRODUCTION 

Thin  metastable  films  of  cobalt  grown  on  Cu  (100)  are  the  subject  of  a...ny  magnetic  and 
structural  studies.  MEED  oscillations  combined  with  in  situ  STM  experiments'  show  that  cobalt 
grows  layer  by  layer  on  Cu  (100)  except  for  the  first  two  layers.  The  films  are  always 
ferromagnetic,  independent  of  the  film  thickness,  and  the  remanent  magnetization  is  always 
parallel  to  the  interface^,  with  a  strong  in-plane  anisotropy  :  the  [110]  direction  is  the  easy 
axis^'**.  The  Curie  temperature  of  films  evaporated  at  450  K  is  strongly  increasing  with  the  film 
thickness  from  130  K  for  1.5  ML  to  500  K  for  2.5  ML^.  LEED  results  indicate  that  cobalt 
epitaxially  grows  on  Cu  (100)  with  an  fee  tetragonal  structure2,5 

Surface  EXAFS^  is  a  very  attractive  technique  to  measure  the  cristallographic  structure  of 
metastable  thin  films.  It  gives  to  a  high  precision  the  shape  of  the  first  neighbour  shell’, 
including  its  possible  asymmetry*  and  its  thermal  broadening^-'®  which  is  related  to  the  elastic 
force  constant  between  nearest  neighbours  (nn)  in  the  film.  Moreover,  the  linear  polarization  of 
the  synchrotron  radiation  reveals  infeamation  about  the  anisotropy  of  the  crystallographic 
structure.  EXAFS  is  a  selective  method:  by  measuring  the  EXAFS  oscillations  above  the  K 
edge  of  cobalt  we  are  sure  to  be  sensitive  only  to  the  local  order  in  the  cobalt  film.  Then,  films 
of  any  thickness,  coated  films  and  multilayers  can  be  characterized  with  the  same  precision. 


EXPERIMENTAL  PROCEDURE 

The  EXAFS  experiments  were  performed  at  the  Laboratoire  pour  I'Utilisation  du 
Rayonnement  Electromagn^tique  (LURE)  on  the  surface  EXAFS  set-up  using  a  Si  (311) 
double  crystal  monochromator  installed  on  the  wiggler  beam  line  of  DCI  storage  ring.  The 
samples  Co/Cu  (100)  were  prepared  in  a  UHV  chamber  connected  to  the  X-ray  beam  line. 
Cobalt  is  evaporated  from  a  high  purity  wire  heated  by  electron  bombardment  in  a  vacuum 
better  than  5xl0‘*®  mbar  (base  pressure  is  2x10-'®  mbar).  It  is  deposited  at  a  rate  of  about  1  ML 
per  min.  on  a  clean  Cu  surface  checked  by  LEED  and  Auger  spectroscc^y.  The  evaporation  rate 
is  calibrated  prior  to  the  evaporation  with  a  quartz  microbalance.  The  Sickness  of  the  film  is 
controlled  by  Auger  spectroscopy  and  by  measuring  the  X-ray  absorption  edge  jump  of  the 
sample  at  the  K  edge  of  cobalt.  Using  this  calibration,  we  estimate  the  thickness  of  the  grown 
film  with  an  accuracy  of  10%.  The  local  atomic  structure  of  the  films  is  then  studied  in  situ. 
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The  variations  of  the  X-ray  absorption  coefficient  of  the  samples  are  measured  above  the  K 
edge  of  cobalt  (7709  eV)  in  the  total  yield  node.  (Quantitative  analysis  of  the  EXAFS  data  is 
done  using  the  general  formula  giving  the  EXAFS  modulation  function,  x>  >»  the  case  of  a 
linear  polarized  light  and  for  a  K  edge^-^O; 

X(lt)  =-Z  (Nj*/  kTi^)  exp  (-iTi/k)  exp  (-ZOj^  k^)  Bi(k)  sin[2kTj-Kti(k)]  (1) 

where  the  sum  runs  over  all  the  shells  i  of  neighbours  simated  at  the  distance  rj  of  the  absorbing 
atom,  Bi(k)  their  backscattering  amplitude,  X  is  the  mean  free  path  of  the  pholoelectron,  k  its 
wave  number ;  [2kri-f4>i(k)]  is  the  total  phase  shift  taking  into  account  atomic  potentials.  Oi^  is 
the  mean  square  relative  displaceriKnt  between  the  absorbing  atom  and  the  neighbours  i 
(including  stadc  and  thermal  disorder)  and  Nj*  is  the  effective  number  of  atoms  of  the  shell 
situated  at  the  distance  q: 

Nj*  =1  3  cos^Oji  (2) 

where  Oji  is  the  angle  between  the  electric  field  vector  of  the  X-rays  and  the  direction  of  the 
bond  between  the  absorbing  atom  and  the  neighbour)  of  the  shell  i. 

The  backscattering  amplitude  Bjfk)  and  phase  shift  <I>i(k)  amplitude  are  determined 
experimentaly  from  reference  EX  AFS  spectra  measured  on  bulk  cobalt 


TETRAGONAL  DISTORTION 

The  X-ray  absorption  coefficient  of  thin  films  of  cobalt  of  thicknesses  between  2  and  IS 
monolayers  grown  at  room  temperature  have  been  measured  above  the  K  edge  of  cobalt  (7709 
eV)  both  in  grazing  incidence  and  in  normal  incidence.  Due  to  the  two-dimensional  character  of 
thin  films,  we  can  expect  nearest  neighbour  bonds  of  different  type  if  they  are  in-plane  bonds 
(parallel  to  the  interface  plane)  or  out-of-plane  bonds.  The  linear  polarization  of  the  synchrotron 
radiation  allows  to  separate  these  two  contributions  since  the  contribution  of  each  bond  is 
weighted  by  a  factor  cos^a  (equation  2)  where  a  is  the  angle  between  the  bond  and  the 
polarization  direction  of  the  X-rays.  In  our  case,  if  we  assume  a  perfect  fee  epitaxy,  every 
cobalt  atom  has  4  nn  in  its  plane,  4  above  (missing  for  the  top  layer)  and  4  below.  \*^en  the 
polarization  of  the  light  is  perpendicular  to  the  surface  (grazing  incidence)  only  the  interlayer 
bonds  contribute  to  the  EXAFS  signal  but  in  normal  incidence  (polarization  parallel  to  the 
surface)  both  interlayer  bonds  and  intralayer  bonds  are  contributing  with  the  same  weight. 

Some  raw  EXAFS  spectra  of  cobalt  films  arc  reproduced  on  figure  1.  On  figure  la,  we 
directly  see  the  tetragonal  distortion  of  the  3  ML  thick  film;  the  frequency  of  the  main  EXAFS 
oscilladons  is  higher  in  normal  incidence  than  in  grazing  incidence  which  means  a  longer 
nearest  neighbour  (nn)  distance  for  intralayer  bonds.  On  the  other  hand,  on  figure  lb,  we 
clearly  see  that  in  nom^  incidence,  the  frequency  of  the  EXAFS  oscillations  is  the  same  for  a  3 
ML  a^  an  8  ML  thick  films. 

The  Fourier  transforms  of  the  EXAFS  spectra  of  the  3  ML  and  15  ML  thick  films  are  shown 
on  figure  2:  in  normal  incidence  it  is  characteristic  of  an  fee  well  ordered  structure  (position  and 
relative  intensities  of  the  different  shells  of  neighbours),  but  in  grazing  incidence  there  is  a 
displacement  of  the  fourth  peak  to  which  contribute  the  fourth  neighbours.  In  a  perfect  fee 
structure  the  fourth  neighbours  are  alined  with  the  first  ones  and  the  focusing  effect^ '  of  the 
first  shell  is  responsible  for  the  anomalous  high  intensity  of  this  shell.  Its  modification  in 
grazing  incidence  must  also  be  related  to  the  structural  anisotropy  of  these  films. 

The  spectra  were  then  filtered  in  real  space  to  isolate  the  first  peak  of  the  Fourier  transforms 
and  finally  back-transformed  in  k-space.  (Quantitative  parameters  are  then  obtained  by  an 
analysis  of  these  spectra  using  a  plane-wave  approximation  and  experimental  phaseshifts  and 
backscattering  amplitudes.  The  first  shell  radial  distribution  function  (RDF)  gaussian 
parameters  ate  reported  in  table  1  for  samples  of  different  thicknesses.  The  measured 
coordination  numbers  are  compared  to  the  effective  coordination  numbers  calculated  for  a 
perfect  epitaxial  fee  thin  film  of  the  same  thickness,  N*  =S  3  cos^oJ.  The  grazing  incidence 
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EXAFS  spectra  (A.U) 

3  ML  Co/Cu(100)  Normal  Incidence 


Fifure  1;  EXAFS  spectra  lecoided  at  77  K  at  the  cobalt  K  edge 

a)  for  3  ML  Co/Cu  (100)  grown  at  300K  in  normal  incidence  in  grazing 

b)  fat  3  ML  Co/Cu  (100)  and  8  ML  CotCa.  (100)  grown  at  300K  in  nonnal  incidence. 


Figure  2:  Fourier  Tiansfonns  between  k  =  2.5S  A'l  and  k=  11.64  for  EXAFS  spectra 
lecofded  at  77  K  (full  line)  and  300K  (dotted  line),  in  nonnal  incidence  and  in  gra^g 
incktence,  for  3  ML  and  IS  ML  Co/Cu  (100)  grown  at  3(X)  K. 
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Thickness 

Incidence 

N* 

R(A) 

ahrjKXkh 

Ao^  (A2) 

(±  10%) 

(±  0.01) 

±0.5x10-5 

±0.5x10-5 

3ML 

Normal 

in  plane; 

6 

3.6 

4 

out  of  plane: 

5 

2.51 

2 

Grazing 

in  plane: 
out  of  plane: 

2.51 

2 

4.5 

5  ML 

Normal 

in  plane; 

1.2 

3.6 

out  of  plane: 

5.4 

2.50 

3.3 

Grazing 

in  plane; 
out  of  plane: 

■n 

3.3 

4.2 

“sm: 

Normal 

in  plane: 

^35 

2.5 

3.9 

out  of  plane; 

5.5 

2.51 

2.6 

Grazing 

in  plane: 
out  of  plane: 

0 

11 

2.51 

2.6 

tm: 

Normal 

in  plane: 

6 

1.8 

3.6 

out  of  plane; 

5.6 

2.50 

2.8 

Grazing 

in  plane: 
out  of  plane: 

0 

11.2 

2.50 

2.8 

15  ML 

Normal 

in  plane: 

6 

~535 

1 

4.1 

out  of  plane; 

5.8 

2.51 

2.3 

Grazing 

in  plane; 
out  of  plane: 

6 

11.6 

2.51 

2.3 

3.3 

Table  I:  Structural  parameter  results  of  least  square  fits  of  the  first  shell  of  neighbours  for 
different  films  of  Co/Cu  (100).  N*  is  the  effective  coordination  number  for  a  perfect  fee 
epitaxial  film  calculated  for  the  in  plane  bonds  and  out  of  plane  bonds  in  normal  and  grazing 
incidence.  R  is  the  mean  nn  distance  determined  the  fits  for  the  in  plane  bonds  and  the  out 
plane  bonds,  a^OlK)  the  width  of  the  RDF,  and  Ao^  the  variation  of  the  Debye-Wallcr  factor 
between  3(X)K  and  77  K. 


spectra  give  a  precise  measure  of  the  out  of  plane  nn  distance.  We  then  deduce  the  in  plane  nn 
distance  from  the  normal  incidence  EXAFS  spectra  where  the  intralayer  bonds  and  the 
interl^er  ones  contribute  with  the  same  weight.  For  all  the  samples,  the  in  plane  nn  distance  is 
2.55  A  (±  0.01  A1  which  is  exactly  the  nn  distance  in  bulk  copper,  and  the  out-of  plane  nn 
distance  is  2.50  A  (±  0.01  A)  which  is  the  nn  distance  of  bulk  cobalt.  So  the  tetragonal 
deformation  of  the  films  appean  to  be  an  expansion  parallel  to  the  interface  to  adapt  exactly  the 
in-plane  nn  distance  of  the  film  to  substrate's  one,  but  the  out  of  plane  nn  distances  keep  the 
same  value  than  in  bulk  cobalt.  These  values  give  an  in-plane  lattice  parameter  a//  =3.61  ±  0,02 
A  and  an  out  of  plane  lattice  parameter  aj^=3.46  ±  0.02  A.  Then  the  lattice  parameter 
perpendicular  to  the  interface  is  contracted  by  =4%  with  respect  to  the  parallel  one.  This 
tetragonal  deformation  of  4  %  is  the  same  for  all  the  thicknesses  up  to  15  ML.  All  these  films 
are  well  ordered  :  the  static  disorder  coefficient,  a^lK),  is  between  1  xlO"^  A^  and  3.6  xKb^ 
A7.  In  bulk  cobalt,  it  is  2.7  xlO"^  A^.  The  shape  of  the  Fourier  Transforms  of  the  EXAFS 
spectra  confirms  this  result  :  the  peaks  corresponding  to  the  third  and  fourth  shells  of 
neighbours  are  well  defined,  as  in  bulk  samples.  A  lack  of  local  order  should  decrease  rapidly 
these  peaks.  Moreover,  conversely  to  other  systems  (Fe/Cu  (100)*^  for  example),  there  is 
about  no  change  of  the  local  order  in  the  film  when  its  thickness  increases. 

Can  this  tetragonal  distorsion  be  seen  as  a  simple  elastic  accomodation  of  the  cobalt  film  to 
the  strain  impost  in  the  plane  parallel  to  the  interface  by  the  copper  substrate?  The  nn  distance 
in  bulk  cobalt  is  2.50  A  (±  0.01  A).  In  the  cobalt  films  epitaxidly  grown  on  Cu  (100),  the  in¬ 
plane  nn  distance  of  cobalt  atoms  is  2.55  A  :  the  strain  imposed  by  the  substrate  induces  a 
lateral  expansion  Aa//  /  a//  =2%  of  the  lattice  parameter.  Since  the  surface  of  the  film  is  ftee,  we 
can  assume  no  stress  in  the  cobalt  film  in  the  direction  perpendicular  to  the  interface.  So,  the 
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relative  contiactioa  of  the  lattice  parameter  in  this  direction  aj^  can  be  related  to  the  in  plane 

expansion  by  the  reladon’^ 


_  2  ^12  ^11 
»i  ~  Cii  a// 


where  C|2  and  Cn  are  the  standard  elastic  coefficient  in  a  cubic  oystal.  In  cubic  cobalt,  we  can 
assume  the  ratio  C12  /  Cn  equal  to  0.6  ±  .OS'^  and  we  should  have  A»±/  aj^  =  ■  2.4  %.  The 
experimental  value  is  2%  ±0.5%  and  we  can  say  that  the  tetragonal  defonnation  inesent  in  the 
cobalt  films  is  the  elastic  accomodation  of  the  film  to  the  lateral  strain  induced  by  the  epitaxy  on 
the  monocrystal  of  ccqiper. 


ELASTIC  PROPERTIES 

Since  the  soucture  is  not  isotropic,  one  can  expect  anisotropic  elastic  properties  in  these 
films,  as  it  was  observed  in  metastable  iron  films  grown  on  Cu  (100)1^.  Temperature 
dependent  EXAFS  measurements  give  the  amplitude  of  the  thermal  vibrations  along  the 
different  bonds  which  are  related  to  the  effective  force  constants  between  nearest  neighbours  1*1. 
We  have  compared  the  filtered  first  shell  EXAFS  signals  recorded  on  the  same  samples  at  room 
temperature,  x(lc,300K),  and  at  77K,  x(lt,77K).  Between  these  two  temperatures  we  do  not 
observe  any  structural  change  :  the  Fourier  transform  profiles  have  the  same  shape  and  the 
nearest  neighbour  distances  are  the  same.  Then  we  measure  the  variation  of  the  Debye- Waller 
factor  between  these  two  temperatures,  Ao^  =  o2(300K)-o2(77K)  by  the  relation  *"i® ; 

ln[x(k,77K)/x(k,300K)j=  2k2Ao2  (3) 

The  results  are  displayed  in  table  1  last  column.  Once  more,  we  can  say  that  all  the  films  have 
a  very  similar  behaviour  the  anisotropies  arc  small  and  the  measured  Ao^  values  are  not  far 
from  the  bulk  ones.  In  bulk  cobalt,  Ao2=3.6  x  10-^  and  in  bulk  copper  Ao2=4.7  x  10-3  ^2 
The  tetragonal  defonnation  does  not  induce  a  strong  anisotropy  of  the  elastic  properties  in  these 
cobalt  films.  The  evolution  that  we  can  mention  is  a  decrease  of  Ao^  in  grazing  incidence  when 
the  thickness  of  the  film  increases  ;  Ao2=4.5  x  Iff^  A^  for  the  3  ML  thick  film,  and 

Ao^=3.3  X  10'3  A^  for  the  15  ML  thick  film.  It  means  that  the  interlayer  bonds  become  stiffer 
in  the  thicker  films,  but  this  increase  is  slow  and  can  explain  why  the  ffims  do  not  relax  to  their 
bulk  structure  even  for  quiet  high  thicknesses  ;  the  tetragonal  defonnation  is  elastic  and  the 
force  constants  between  nearest  neighbours  are  not  significantly  modified 


CONCLUSION 


In  summary,  this  EXAFS  study  shows  that  we  observe  about  always  the  same  structure  when 
growing  cobalt  on  copper  (100)  between  2  and  15  monolayers;  a  tetragonally  distoned  fee 
structure.  The  cobalt  is  in  perfect  epitaxy  on  the  substrate  with  an  in-plane  expanded  nearest 
neighbour  distance  equal  to  that  of  bulk  copper,  and  a  contraction  in  die  other  direction.  The 
tetragonal  deformation  is  the  elastic  accomo^tion  of  the  film  to  the  lateral  strain  induced  by  the 
epitaxy  on  the  monocrystal  of  copper.  This  distortion  means  that  there  is  an  evident  loss  of 
symmetry:  there  is  no  more  [111]  symmetry  axis.  All  the  films  are  well  ordered,  and  their 
elastic  properties  are  neither  strongly  anisotropic,  nor  very  different  from  those  of  bulk  cobalt : 
this  is  coherent  with  the  fact  that  the  deformation  is  elastic.  The  constant  magnetic  properties 
measured  in  these  films  (always  ferromagnetic  and  in-plane  easy  axis)  are  certainly  due  to  this 
unique  structure. 
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ABSTRACT 

We  present  a  comparative  in  situ  RHEED  and  Polar  Magneto-optic  Kerr  Effect  study  of 
the  first  stages  of  the  growth  of  a  Au  overlayer  on  top  of  a  ( 1 1 1 )  Co  ultrathin  film.  Drastic 
behaviours  are  evidenced  on  the  RHEED  diagram,  magnetic  anisotropy  and  coercive  force, 
around  1,5  ML  of  Au  coverage. 

INTRODUCTION 

A  lot  of  work  has  been  devoted  in  the  last  few  years  to  the  study  of  the  magnetic 
anisotropy  in  ferromagnetic  ultrathin  films  [I].  Besides  the  magnetocrystalline  interface 
anisotropy  introduced  by  L.  N^el  (2),  strain  induced  magnetoelastic  anisotropy  [3],  or  spin 
polarization  of  the  interface  layer  in  the  non  magnetic  substrate  (4],  have  been  proposed  to 
explain  the  observed  behaviours  of  anisotropy  versus  the  ferromagnetic  film  thickness,  or  for 
different  non  magnetic  metal  substrate.  To  shed  new  light  on  the  respective  importance  of 
those  phenomena,  we  performed  a  comparative  in  situ  RHEED  and  Polar  Magneto-optical 
5  Kerr  Effect  (PMOKE)  study  of  a  Co  ultrathin  film  deposited  on  a  Au  ( 1 1 1 )  substrate,  during 

the  first  stages  of  the  growth  of  the  second  Co/Au  interface  with  a  Au  coverage  layer. 

EXPERIMENTAL 

Details  of  our  sample  preparation  method  have  been  already  published  |5J.  First  a  300  A 
thick  Au  buffer  layer  is  grown  on  a  float  glass  platelet,  and  annealed  to  give  a  polycrystalline. 
(Ill)  textured,  atomically  flat  film.  Co  is  then  deposited  at  room  temperature  from  an  e-beam 
source,  at  a  rate  of  about  0.01  A/s.  During  all  evaporation  and  characterization  steps  the 
pressure  in  the  system  remains  well  within  the  lO  *®  mbar  range  (mostly  residual  H2). 
Thicknesses  are  measured  using  a  quartz  microbalancc,  calibrated  against  Grazing  X  rays 
Reflectivity  (GXR)  measurements  performed  on  lest  films.  GXR  was  also  used  as  a  powerful 
tool  to  optimize  the  quality  of  the  Au  buffer  layer  J6).  We  can  perform  RHEED  measurements 
(up  to  30  keV)  during  film  growth.  For  PMOKE  studies,  the  sample  is  tilted  to  face  a  liquid 
N2  cooled  solenoid,  producing  a  field  up  to  1.4  kOe,  perpendicular  to  the  sample.  PMOKE 
measurements  are  performed  through  the  clear  bore  of  the  coil. 

To  achieve  maximum  precision  and  reliability  in  our  study  of  the  magnetic  properties 
versus  films  thicknesses,  we  made  stepped  samples  using  a  moving  shutter  between  sample 
and  evaporation  sources.  For  each  sample,  up  to  ten  2mm-wide  steps  were  made,  with 
varying  Co  or  Au  coverage  thicknesses  (resp.  tcoand  Iau).  To  minimize  shadow  effects,  the 
shutter  slides  less  than  1  mm  below  the  sample  surface,  while  the  sources  arc  more  than  450 
mm  away,  with  incidence  angles  less  than  8  degrees. 

In  both  RHEED  and  PMOKE  measurements  the  sample  is  precisely  moved  with  a  fixed 
incident  c  or  laser  beam,  in  order  to  scan  the  different  steps.  Moreover,  the  Au  overlayer  is 
grown  in  successive  thin  layers,  asiJ  for  each  new  layer  complete  RHEED  and  PMOKE  scans 
are  performed.  The  RHEED  diagram  of  the  Au  buffer  layer  displays  narrow  lines  with  a  gotxl 
contrast  (7j,  in  agreement  with  the  known  good  quality  cf  the  surface.  With  Co  deposition  the 
lines  get  wider,  with  a  clear  evolution  towards  a  3D  structure,  as  the  Co  doesn't  grow  in  a 
layer  by  layer  mode  on  Au. 

A  striking  phenomenon  occurs  during  the  first  stages  of  the  Au  overlayer  growth.  Figure 
1  shows  the  intensity  variation,  along  the  1 1 1 1 1  direction,  of  the  diffraction  line  near  the  central 
line  of  the  diagram  in  [1-10]  azimuth. 
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Fie.  1  :  Evolution  with  increasing  An  coverage 
thickness  of  the  intensity  profile  along 
the  1 1 1 1 1  direction  of  the  diffraction  line 
in  the  l-JIOI  aziiniith  Irnarked  by  a 
dashed  line  in  the  insert). 


For  ihe  7  ML  thick  Co  film  surface,  the  line  shows  marked  intensity  \ariations, 
characteristic  of  a  rough  surface.  With  increasing  Au  coverage,  the  variations  amplitude  first 
decreases,  and  vanishes  totally  for  1.5  ML  of  Au,  w  here  the  diagram  is  again  a  line  diagram 
characteristic  of  a  flat  surface.  This  drastic  smrxithing  of  the  Co  free  surface  b\  I -2ML  ol  Au 
coverage  can  be  attributed  to  a  surfactant  effect  of  Au:  indeed,  the  1 1 1 1 )  surlacc  energy  of  Au 
is  lower  than  the  (0001)  Co  one.  This  is  a  major  phenomenon,  that  ini  oh  cs  an  important 
reorganisation  of  the  Co  layer  to  rub  out  at  least  short  range  roughness. 

Figure  2  displays  PMOKE  hysteresis  kxips  taken  at  mom  temperature  in  perpendicular 
field  at  steps  with  Co  thicknesses  of  8,  10,  12,  and  14  ML,  and  Au  overlay cr  thickncs.scs  oi 
0.5,  1.5  and  4  ML.  The  ani.solropy  clearly  displays  a  drastic  behaviour  .  Indeed,  while  at 
these  Co  thicknesses  the  uncoiercd  Co  film  is  magncti/.ed  in  plane,  covering  by  only  1.5  ML 
of  Au  is  enough  to  get  perpendicular  magnctiration  with  square  hysteresis  hxips  up  to  ico 
about  10  ML  (20  A).  Also  icry  interesting  is  the  fact  that  sutscquenl  increase  in  Au  coverage 
thickness  reduces  the  anisotropy  .  Such  a  behaviour  has  been  evidenced  recently  |9|  on  Co 
films  with  Cu  coverage. 

Our  deposition  system  .so  far  is  not  equipped  to  measure  in  situ  the  magnetic  anisotropy 
coefficients  of  the  samples.  Moreover,  for  Co  thin  films  the  two  first  anisotropy  cwlficicnts 
Ki  and  K2  have  comparable  amplitude  (  and  K2  >  0),  and  the  change  w  ilh  Co  thickness  in 
easy  a,\is  from  perpendicular  to  in  plane  is  not  simple,  with  the  ix.curcncc  of  an  intermediate 
phase  w  here  the  easy  direction  lies  on  a  cone  of  half  angle  y.  Prov  ided  the  sample  remains  in  a 
single  domain  stale,  which  is  likely  at  least  for  low  to  intermediate  v  alues  of  y,  the  ratio  of  the 
remanent  on  saturated  Kerr  rotations  0r/Os  should  be  equal  to  cos  (y),  giv  en  by  . 

Cos  (y)  .  ( (  -  2ji  Ms^  +  K|  +  2K2)/  2K2)'  2  ( 1 ) 


where  Ms  is  the  saturation  magncti/ation.  In  the  hypothesis  where  K2  doesn't  change  much 
with  tco,  vvhich  to  our  know  ledge  has  always  been  observed,  a  gixid  characleri/ation  of  the 
dependence  of  K|  versus  try,  is  given  by  the  crossover  thickness  l*  where  for  instance  y=  45°. 
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By  intrixlucing  lor  K|  the  usual  expression  with  inlcrlaec  anisolri>pics  Ksi  and  Ks2 
respectively  lor  the  first  (Co/Au)  and  second  (vacuuum/Co  or  Au/Co)  interlaces,  and  \  olume 
antsotropy  Kv  .  one  gels  the  e\pres.sion 

Ksi  +  Ks2  =  f{2nMs2-K, -K2)  (2) 

The  maximum  magnetic  field  in  our  set  up  is  Uk)  low  to  allow  precise  determination  ol 
lor  Ico  values  where  the  kxip  is  not  perfectly  square.  However,  in  this  last  case,  the  Hs  values 
that  we  measure  vary  linearly  with  Uo  (cf.  Figure  3). 


Fig.  3  :  Saturation  Kerr  rotations  deduced  from  the  I’MOKIi  hysteresis  loops,  versus  Co 
thicknesses  tCt,,  for  various  values  of  the  Au  overhtver  thickness  tA,,. 


To  evaluate  dswe  ihus  extrapolate  this  linear  variation  to  higher  !<■„  values.  The 
variation  of  t*  versus  tAu  is  Ihus  given  in  figure  4,  We  obsen  c  a  \  cry  fast  increase  in  t*  at  the 
very  beginning  of  the  Au  ovcrlaycr  growth,  with  a  narrow  peak  around  l  \u  =  1.5  ML. 
followed  by  a  subsequent  decrease  of  t*  towards  saturation.  Note  that  the  \  aluc  of  l*  that  vv  e 
measure  on  uncovered  Co  film  (l*=4.3  ML)  is  m  very  good  agreement  w  ith  that  already 
reported  f9). 

An  other  interesting  behaviour  visible  in  figure  2  is  the  imptvrtanl  vanalions  of  liic 
coercive  force  He.  As  we  had  already  reported  |7|,  we  observe  a  fast  increase  in  He  with 
decreasing  t^o-  In  agreement  with  reference  (8|,  we  also  observe  a  peak  of  He  around  l  \u  = 
1.5  ML,  relatively  all  the  more  enhanced  that  Icogets  closer  to  1*.  This  behav  iour  is  displayed 
on  figure  5. 


DISCUSSION 


The  variation  observed  in  !.c  versus  t  closely  follows  ihai  ol  i'  Indeed,  as  uas 
recently  pointed  out  ( lOJ.  in  such  high  quality  Au/Co/Au  films  wiih  very  square  hvsteresis 
kxrps  the  coercive  field  is  a  nucicalion  field,  and  ceriainly  depends  i>n  the  anisoiropy  The 
clear  relation  between  He  and  l*  could  then  be  evpccicd.  We  arc  pursuing  now  a  itumc 
complete  experimental  and  theoretical  study  o(  this  relation. 

The  behaviour  of  the  anisotropy  with  l,\u  is  more  surpnsing  We  think  that  strain 
induced  magnetoelaslic  anisotropy  (MEA)  is  unlikely  to  be  at  the  i>rigin  ol  this  behav  lour. 
Even  if  a  contribution  of  MEA  cannot  be  ruled  out,  going  with  the  surface  rcorganisaiu>n 
evidenced  by  RHEED,  it  would  at  most  give  an  incrca.se  m  (Ksi  +  Ks2)  t>y  a  factor  of  2.  uv) 
low  to  account  for  the  obsened  incrca.sc  in  l*  from  4.3ML  to  14.5ML  at  the  peak  near 
t  \u=1.5ML,  not  even  i*=l2MLat  thick  Au  coverages.  A  simple  effect  of  smixnhing.  linked  to 
the  surlactanl  effect  t>f  Au.  can  neither  explain  the  experimental  results. 

The  abruptness  of  the  behaviour  would  rather  lead  to  pi>ini  ou\  lo  an  electronic  effect 
Supposing  that  Kis  and  K2s  lake  similar  pt>siti\e  values  for  high  \  \u  values,  the  increase  in 
anisotropy  can  be  explained  by  giving  a  negative  value  to  the  Co/vacuum  mierlacc  anis^vtn'py . 
in  agreement  for  instance  with  theoretical  predictions  of  reference  1 1 1 )  and  discussion  ol 
reference  ( I2|.  In  a  similar  argument,  the  peak  around  l,\u=1.5ML  could  be  atinbuicd  to  a 
change  in  K2.S.  linked  to  a  change  in  the  electronic  band  structure  of  the  Au  interl  ace  layer  As 
ev  idenced  in  our  RHEED  results,  this  layer  clearly  hxs  a  marked  2-dinicnsionnai  character 
around  t,\u- 1  5ML  .  and  the  interface  anisotropy  is  expected  t<‘  show  a  strong  dependence  on 
band  structure  (1 1.13|.  Using  in  equation  2  bulk  values  for  Ms.  Ky  and  Ks  as  in  reference 
(9).  we  can  evaluate  Ks  values  of  0.8  erg  cm'2.  -0.24  erg  cm  -,  and  1.08  erg  cm 
respectively  f(vr  interfaces  OVAu.  Co/vacuum,  and  Co/Au  ( 1 .5  ML). 

Finally,  even  if  nothing  in  our  PMOKEdaia  confirms  that,  we  cannot  completely  rule 
out  the  viccurcnce  of  a  small  spin  polari/anon  in  the  Au  monolayer  on  To.  as  has  been 
theoretically  predicted  at  the  Au/Fe  interface  (14|;  given  the  strong  spin  orbit  coupling  in  Au. 
this  would  lead  lo  a  contribution  lo  the  anisotropy. 
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ABSTRACT 


The  spin-polarized  band  calculations  for  the  iron  nitrides,  FcjN,  Fe^N  and  Fe^^N^,  have 
been  performed  with  use  of  LMTO-ASA  method  in  the  frame  of  local  spin  density  func¬ 
tional  formalism.  The  results  show  that  the  most  distant  Fc  atoms  from  N  have  the  largest 
magnetic  moment.  The  central  role  of  the  N  atom  is  to  bring  about  the  large  magnetic 
moments  through  the  lattice  expansion.  Concurrently,  the  N  atoms  promote  an  itinerancy  of 
electrons  and  then  in  turn  prevent  the  exchange-splitting.  This  results  in  an  FCj^Nj  with  the 
lowest  N  concentration  having  the  largest  magnetic  moments.  Quantitatively,  the  obtained 
magnetic  moments  arc  in  fair  agreements  with  the  experimental  results  except  for  Fc,^N,, 
The  calculated  magnetic  moment  of  Fc^Nj  is  about  2.4  PiyTc,  while  the  measured  value  is 
reported  as  3.5  Py/Fc.  The  orbital  magnetic  moment  of  Fe,^Nj  is  about  0.07  which  is  too 
small  to  make  up  for  the  difference  from  the  experimental  value. 


INTRODUCTION 


Until  the  early  1970's,  iron  nitrides  had  been  investigated  in  terms  of  the  itinerant  elec¬ 
tron  magnetism  of  the  transition  metals  ineluding  interstitial  non-magnctic  atoms  11-9). 
The  aim  of  the  studies  was  focused  on  the  c.stabli.shmcnt  of  the  relationship  between  ferro¬ 
magnetism  and  metal-nonmetal  bonding.  Since  Kim  and  Takahashi  |10|  found  a  giant 
magnetic  moment  in  the  Fe-N  film  in  1972,  the  elements  such  as  N,  C  and  B  in  the  transi¬ 
tion  metals  have  attracted  concerns  not  only  in  the  physical  aspect  but  also  in  the  develop¬ 
ment  of  magnetic  materials  for  technological  applications.  They  reported  that  the  film 
consists  of  Fc  and  Fc,^Nj  whose  structure  was  discovered  previously  by  Jack  [11].  Ever 
since,  many  attempts  have  been  made  to  prepare  the  single  pha.se  Fc,j^N^  with  several  tech¬ 
niques.  Recently,  Komuro  ct  al.  [12|  have  first  grown  a  single  crystal  FCi^Nj  film  on 
InGaAs  epitaxially  by  MBE  technique  and  demonstrated  B^  of  the  Fc^^Nj  to  be  2.8-3.0T. 
Concurrently,  Nakajima  ct  al.  (13,141  succeeded  to  construct  the  Fc„,Nj  film  by  ion  implan¬ 
tation  and  measured  the  average  magnetic  moment  of  Fc  atom  is  about  2.5  Py.  Although  the 
data  reported  by  several  workers  scatters  so  far,  it  is  convincing  that  the  magnetic  moment  t)f 
FCj^Nj  exceeds  one  of  bcc-Fc  by  far.  The  current  controversial  problems  arc  the  mecha¬ 
nism  of  the  occurrence  of  such  a  large  magnetic  moment  and  how  the  magnetism  of  the 
Fe.^N,  is  related  to  that  of  both  Fc-N  with  no  site  order  of  N  atoms  and  other  iron  nitride 
compounds. 

There  arc  four  phases  in  the  iron  nitrides,  c-Fc^N,  e-Fc^N  (2  <  x  s  3).  y'-Fc^N  and  n"- 
FCi^Nj  whose  structures  were  determined  by  Jack  |1I.15]  previously.  r-Fe^N  exhibits 
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hexagonal  slruclurc  in  the  range  2  <  x  <  and  transfers  into  orthorhombic  siruclurc  just 
atxrvc  X  =  2,  where  ^-He^N  is  established.  Deducing  from  the  previous  investigations  1 1  -4|, 
the  magnetic  moment  decreases  from  about  2  at  x  =  3  with  decreasing  x.  and  drops  sharp 
ly  into  about  (1.2  at  x  =  2.  In  Fig.l,  we  .show  the  crystal  structure  of  f-Fc,N  together  with 
that  for  y'-Fc^N  and  a”-Fc„_N,.  Y'-f‘:4N  has  been  experimentally  investigated  j5  Oj  pre 
ciscly  since  older  times  because  of  its  thermal  stability  and  relatively  large  magnetic 
moments.  The  crystal  structure  is  simple  cubic  composed  of  fee  iron  and  N  atom  at  the 
body  center  position.  As  for  iron  atoms,  there  arc  two  different  sites,  one  is  cornered  Fel 
and  another  is  face  centered  Fell  site.  According  to  the  neutron  diffraction  measurement 
|fij,  the  magnetic  moments  on  Fel  and  Fell  sites  are  2.'fK  and  2.01  P||.  respectively.  The 
data  agree  well  with  the  M()s.sbauer  spcctrosaipy  reported  by  Wiener  cl  al  1.5 j.  rt''-Fe||N, 
forms  bet  structure  and  consists  of  three  different  Fc  sites.  This  pha.se  has  been  believed  to 
be  mctastabic  .state,  which  makes  the  preparation  difficult.  According  to  Sugita  el  al.(l6|. 
the  average  magnetic  moment  per  Fc  atom  reaches  about  3,5  at  -2bKV.  The  data  is 
apparently  projected  from  ones  of  other  iron  nitrides. 


Fig.l  C’rvsial  structures  of  a)Fc,N.  b)Fe,N  and  cjFCj  N,,  deduced  lioiii  the  results  hv  lack 
|ll.|5|,  ' 
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Theoretically,  the  hand  calculation  for  y'-Fc^N  has  been  carried  out  l'>  Wei  Zhou  et  al. 
117),  followed  recently  by  the  present  author  |1K|  with  the  spin-polarized  band  calculation. 
Afterwards,  the  calculations  for  the  FCj,_N,  have  been  performed  by  many  authors  |ld-22|, 
leading  a  result  that  the  average  moment  per  Fe  atom  is  about  2. 4-2. 5  p,,.  Though  the 
current  hand  calculations  seem  to  he  inadequate  to  give  a  quantitative  explanation  to  the 
high  of  the  FC|^N,,  it  may  be  desired  to  have  a  more  microscopic  foundation  derived 
from  the  band  theory  for  the  subsequent  analysis  of  the  magnetism.  In  this  report,  we  will 
review  the  results  of  the  band  calculations  for  the  series  of  iron  nitrides.  Fc,N.  FCjN  and 
Fc,,N,,  in  order  to  obtain  the  systematic  understand  about  the  effects  of  interstitial  N  atom 
and  its  concentration  on  the  magnetic  structures  of  these  compounds.  In  addition,  further 
inspection  for  the  magnetism  of  the  Fe,,  N,  will  be  presented  in  this  paper. 


METHOD  OF  CALCULATION 


The  linearized  muffin-tin  orbital  (LMTO)  method  123,24)  has  been  employed  to  per¬ 
form  a  semi-relativistic  band  calculation  in  the  frame  of  the  local  spin  density  (LSD)  func¬ 
tional  theory.  The  cxchangc-cotrclation  term  takes  the  form  deduced  by  von  Barth  and 
Hedin  (25)  with  parameters  given  by  Janak  (26).  For  the  band  calculation,  the  atomic 
sphere  approximation  (ASA)  and  the  combined  correction  term  for  the  use  of  ASA  arc 
adopted.  The  core  charge  density  is  calculated  with  the  Dirac  equation  for  a  free  atom  and 
the  result  is  used  in  the  band  calculation  as  a  so-called  frozen  core.  For  valence  electrons, 
we  have  employed  s,  p  and  d  basis  functions  for  Fe  atoms  and  s  and  p  for  N  atoms.  The 
densities  of  states  (DOS)  arc  evaluated  by  tetrahedron  method.  The  atomic  sphere  radius  for 
N  atom  is  set  at  1 .7  a.u.  and  radii  of  Fe  arc  chosen  so  as  to  satisfy  V=(4Jt/3)ZS30,.  where  V 
is  the  volume  of  a  primitive  cell,  and  S,  is  the  atomic  radius  of  equivalent  0,  atoms  in  the 
cell. 


RESULTS  AND  DISCUSSION 
Density  of  states 


We  first  make  a  comparison  of  the  calculated  density  of  states  (DOS)  of  Fe-N  with  the 
experimental  results  of  the  x-ray  photocmi.s,sion  spcctro.scopy  (XPS)  data  obtained  by  ErtI 
et  al.  [9],  In  Fig.2,  the  DOS  of  Fc^N  in  paramagnetic  (spin-less)  state  is  shown.  The 
dashed  line  in  the  figure  is  that  of  the  fcc-Fc  which  leads  to  Fc^N  with  inclusion  of  N  atom 
at  the  body  center.  Comparing  these  two  results,  it  is  easily  seen  that  the  structure  around 
-0.6  to  -0.4  Ry  in  the  DOS  of  Fe^N  is  attributed  to  the  N  atom,  which  belongs  mainly  to 
the  2p  states.  Roughly  speaking,  both  the  energy  position  and  the  intensity  of  the  N  2p  state 
coincide  with  the  observed  XPS  peak  around  -0,5  Ry  which  grows  with  increasing  N 
concentration.  The  gross  feature  of  the  spectrum  arc  also  agreeable  with  the  DOS  with 
reasonable  accuracy.  It  should  be  noted,  however,  that  the  peaked  feature  of  the  DOS  of 
Fe^N  at  the  Fermi  level,  E,.,  is  a  consequence  of  the  paramagnetic  state,  which  means  that 
the  system  will  be  stabilized  with  the  help  of  spin-polarization. 

Calculated  results  of  the  spin-polarized  DOS  of  each  compound  arc  shown  in  Fig.3.  In 
each  plane,  the  upper  half  part  indicates  the  up  (majority)  spin  states  while  the  lower  half 
part  is  for  down  (minority)  spin  states.  It  can  be  seen  that  the  key  fetitures  tire  common  for 
all  compounds  as  follows. 


-OJ  -Oj6  -0.4  -0.2  0  02 

Enefgy(Ry) 

Fig.2  Comparison  of  the  density  of  states  of  paramagnetie  Fc,N  (solid  line)  and  fcc-Fc 
(dashed  line)  and  the  photoemission  data  hy  Bitl  ct  al  |*^|.  The  r.cro  on  the  energy  .scale 
corresponds  to  the  Fermi  energy,  E,. 


Fig.3  Total  density  of  states  for  up  spin  states  (^)  and  down  spin  stales  (^)  of  a)Kc,N. 
b)Fc^N  and  c)Fe|^N,.  The  energy  is  measured  with  respect  to  the  F  (rcf.fl^’D 
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The  isolated  structures  located  around  -1.2  Ky  arc  mainly  due  to  2s  states  of  N.  The 
main  structures  around  the  Fermi  energy,  ,  ate  almost  composed  of  3d,  4s  and  4p  states  of 
Fe.  The  E^.'s  are  pirmed  at  around  the  dip  position  in  down  spin  electron  density  of  states, 
which  makes  these  states  stable  with  a  help  of  spin-polarization.  As  mentioned  previously, 
the  N  2p  bands  are  found  at  about  -0.6  Ry  to  -0.4  Ry  below  the  3d  hands,  which  can  he 
observed  in  XPS.  Furthermore,  Ertl's  experimental  results  that  no  change  in  the  3d  bands 
occurs  during  nitrition  can  he  undeistood  by  noting  that  the  gross  features  of  3d  bands  Uaik 
same  for  all  compounds. 


Magnetic  moments 


As  we  have  shown  in  n:f.|  I9|,  the  features  of  local  densities  of  states  of  each  Fe  in  Fc,N 
and  Fe^^N^  are  considerably  different  depending  on  the  site.  It  should  be  marked  that  the 
most  distant  Fe  atoms  from  the  N  atom,  fi:l  for  Fe^N  and  Felll  for  Fej^Nj,  have  the  inten¬ 
sive  3d  hole  in  the  down  spin  states  just  above  the  E|„  while  the  up  spin  states  of  the  sites 
are  almost  occupied.  Actually  the  local  magnetic  moments  of  these  sites  are  the  largest  as 
shown  in  Table  I  which  gives  the  electron  numbers  and  magnetic  moments  estimated  within 
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Table  1  Electron  numbers  and  magnetic  moments  calculated  within  each  atomic  sphere. 
(ref.[191) 
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each  atomic  sphere.  The  electron  numbers  of  these  sites  are  found  to  be  smaller  ahoul  II. 
to  0.6  than  that  of  other  sites.  So  it  can  be  considered  that  the  lar^e  moments  of  these  sites 
are  attributed  mainly  to  the  shortage  of  down  spin  electrons  rather  than  the  receipt  of  the  up 
spin  electrons.  The  variations  of  these  charge  distribution  on  each  Fe  site  can  he  regarded 
as  an  effect  of  N  atom.  Thus  the  present  result  that  the  moments  of  Fcl  and  Fell  in  FCj^  N, 
are  nearly  the  same  seems  to  come  from  the  fact  that  the  distances  from  the  N  atom  arc 
almost  the  same  for  these  sites. 

From  the  above  results,  we  have  realized  the  feature  that  the  most  distant  Fe  atoms  from 
the  N  atom  have  the  largest  magnetic  moments  for  Fc^N  and  Fe||N,.  This  is  related  to  the 
bonding  nature  between  N  atom  and  surrounding  Fe  atoms.  Actually,  the  variance  of  the 
moments  on  each  Fe  site  has  been  proved  to  he  brought  about  by  the  redistribution  of  the 
down  spin  electrons  due  to  the  electronic  interference  by  the  interstitial  N  atoms.  It  can  he 
said  that  this  event  reflects  the  relative  anangement  of  the  Fe  atoms  against  the  N  atoms  in 
these  compounds.  According  to  Kanamori  |27),  the  elements  such  as  B,  C  and  N  enhance 
the  magnetic  moments  of  the  next  nearest  neighboring  Fe  atoms  I'hat  is.  the  3d  levels, 
especially  the  down  spin  state  of  the  nearest  neighbor  (n.n.)  Fe  atoms  to  the  N  atoms  (Fc,^ 
in  Fig.4)  are  lowered  through  the  hybridization  with  a  part  of  the  N  2p  state  located  around 


n,-n,  f 

Fig.4  The  local  DOS  of  Fe  atoms  are  changed  from  solid  lines  to  dashed  lines  with  the 
inclusion  of  N  atom  and,  then  the  electrons  mainly  of  the  down  spin  states  transfer  from  the 
FCj^  to  the  Fcj^j.  As  a  result,  the  local  magnetic  moment  of  Fe^^  is  raised  while  one  of 
Fe^^  lowers  its  moment. 


the  Ep  and  in  turn  the  3d  down  spin  state  of  the  next  n.n.  Fe  atoms  (Fe^^^  in  Fig.4)  arc 
raised  conversely.  As  a  consequence,  the  electrons  mainly  of  the  down  spin  stales  transfer 
from  the  next  n.n.  Fe  atom  to  the  n.n.  Fe  atoms  {.sec  Fig.4).  This  electronic  bonding  feature 
is  strongly  responsible  for  the  variation  of  the  local  magnetic  moments  of  each  Fe  site  in  the 
iron  nitride  system.  Actually,  for  Fc^N,  the  Mossbaucr  and  neutron  diffraction  measure¬ 
ments  support  the  above  picture  and  the  magnetic  structure  can  be  reproduced  quantitative¬ 
ly  by  the  present  calculation. 

As  for  the  average  moments,  the  present  lesults  indicate  that  the  lattice  expansion  iluc  to 
N  atoms  plays  a  central  role  for  the  enhancement  of  the  magnetic  moments.  In  Fig  .s,  we 
give  the  average  magnetic  moment  of  each  aimpound  as  a  function  of  N  concentration. 


263 


N/Fe 


Fig.?  N  concentration  dependence  of  the  average  magnetic  moments  of  iron  nitrides.  The 
open  circles  indicate  the  calculates  results  (rcf.|19)),  and  tJic  closed  squares  arc  from  the 
measured  values  (from  the  data  denoted  by  p(Fc^‘')  in  rcf.|41  for  Fe,N,  ref.jbl  for  Fc^N  and 
ref.|16|  for  Fc,^Nj). 


Our  calculated  result  for  bcc  Fc  is  also  shown  in  the  figure.  Though  the  quantitative  agree¬ 
ment  with  the  experiments  can  not  he  reached  for  FCj^N^,  the  dependence  of  the  moments 
on  the  N  concentration  can  be  proved  qualitatively.  The  behavior  that  the  lower  concentra¬ 
tion  of  N  atoms  leads  larger  magnetic  moment  may  be  understood  by  the  following  inter¬ 
pretation.  An  interstitial  IN  atom  expands  the  inter-atomic  distance  not  only  of  the  nearest 
neighboring  Fc  atoms  but  also  of  the  next  nearest  neighboring  and  more  distant  Fc  atoms 
for  avoiding  the  lattice  distortion.  This  certainly  enhances  the  moments  of  the  system  even 
though  the  low  concentration  of  N  atom.  Additionally,  as  have  been  mentioned  in  the 
previous  section,  thv  N  atoms  play  a  role  of  hopping  site  for  the  electrons,  which  in  turn 
prevent  the  exchange  splitting  concurrently.  (Note  that  this  may  be  inseparable  from  the 
charge  redistribution  which  gives  the  variance  of  the  local  magnetic  moments.)  Eventually, 
it  comes  to  the  result  that  the  lower  concentration  of  N  atom  is  preferable  for  the  large 
magnetic  moments. 


Effcctt^tf  Fc  lattice  extransion  on  the  magnetic  moments 


In  Figs. 6,  7  and  K,  we  show  the  unit  cell  volume  dependence  of  the  local  magnetic 
moments  on  each  Fc  site  of  Fc,N.  F'c^N  and  FC|^_N,.  respectively.  The  calculations  have 
been  made  with  S^/S|,|.  being  constant  during  the  volume  change.  Except  for  Fc,N.  the 
moments  increase  monotonously  with  lattice  expansion  through  the  magncto\  olumc  effect 
In  the  case  of  Fc^N,  wc  have  undergone  the  inctamtignci ism  in  the  ningc  of  \  ()liimc  aroiitui 
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53  -  55  A  ,  lhal  is,  ihc  two  solutions  arc  found  in  this  region.  One  is  given  b>  the  solid 
lines  and  aiuithcr  is  hy  the  dashed  lines  in  Fig.7.  lliis  magnetic  feature  cun  be  asciilK-d  lo 
the  intricate  structure  of  the  density  of  stales  at  artMind  Ihc  b,  where  the  density  of  states  o( 
down  spin  electron  has  multiple  minima.  We  have  taken  the  slate  given  by  the  solid  lines 
as  a  density  of  slates  of  Fe^N  in  Fig.3  since  this  slaic  is  found  lo  he  more  stable  as  much  as 
about  3  mRy  than  that  by  dashed  lines  at  the  measured  sirlumc. 


so  S2  54  S6  58  60 

VOLUME  (A^ 


Hg.6  Unit  cell  volume  dependence  of  the  Hg.7  Unit  cell  volume  dependence  of  the 
magnetic  moment  of  Fe,N.  The  arrow  ItKal  magnetic  moments  of  Fe^N  Th..  .s«>lid 
indicates  the  measured  volume.  (ref.|  I9|)  line  indicate  the  high  nurmenl  slate  and  the 

dashed  lines  are  for  the  low  moment  stale. 
(rcf.|l9|) 


Fig.S  Unit  cell  volume  dependence  of  the  Fig.d  Volume  dependence  of  the  ItKuil 
local  magnetic  moments  of  Fc„_N^.  moments  of  the  same  volume  as  I  c^  N,  with 

(rcf.|  ld|)  no  N  (solid  lines)  and  of  bcc-l  c  with  eight 

unit  ccll(dashcd  line).  The  arrowindicaics  the 
measured  volume  of  t  C|,  N (ref.]  l')|) 
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To  undcnitand  the  possible  effects  of  the  N  atom  on  these  system,  we  have  further  per¬ 
formed  the  band  calculations  fur  the  same  structures  as  each  compound  with  no  N  alonrs. 
For  the  calculations,  the  atomic  sphere  radii  of  each  atom  have  been  kept  by  introducing  the 
empty  spheres  instead  of  N  atoms.  The  obtained  magnetic  moment  fur  c -phase  iron  with 
the  same  volume  as  Fe,N  is  about  2.7  pet  Fc  atom.  The  result  for  y-phasc  iron  with  the 
same  volume  as  Fc^N  is  also  about  2.7  p^.  The  density  of  states  of  this  y-phasc  had  been 
presented  in  the  previous  paper  |1K|.  Noting  that  both  e  and  y-irons  at  equilibrium  volume 
exhibit  anti-ferromagnetism  with  (he  magnetic  moment  less  than  U.7  p^.  these  results 
demonstrate  that  the  lattice  expansion  with  the  inclusion  of  N  atoms  has  enormous  influ¬ 
ence  on  the  magnetic  moments.  Thus  it  is  possible  to  consider  that  the  occurrence  of  the 
comparatively  large  moments  of  Fc^N  and  Fc^N  arc  brought  about  predominately  by  the 
lattice  expansion  due  to  the  interstitial  N  atoms.  Notice,  however,  that  the  obtained  values 
of  2.7  Pg  for  expanded  s  and  y-irons  are  fairly  larger  than  that  for  Fc,N  and  Fe^N.  The 
reduction  of  the  moments  with  the  inclusion  of  the  N  atoms  can  be  understood  by  noting 
that  the  N  atoms  promote  an  itinerancy  of  electrons,  which  eventually  prevent  the  ex¬ 
change-splitting. 

For  a"-phasc,  the  calculated  magnetic  moments  of  the  corresponding  structure  in  the 
absence  of  N  atoms  are  given  in  Fig.9  as  a  function  of  unit  cell  volume,  it  can  be  seen  that 
the  order  of  the  magnitude  of  the  local  magnetic  moments  is  changed  and  the  variation  is 
reduced.  This  convinces  ourselves  that  the  large  variance  of  the  local  moments  in  Fe,^N^  is 
caused  by  the  N  atoms  through  the  electronic  bonding  with  the  surrounding  Fc  atoms. 
Nevertheless,  the  average  magnetic  moment  does  not  differ  so  much  from  one  of  Fc,^Nj. 
which  turns  out  to  be  about  2.55  Pg  at  the  measured  volume  of  Fe^^N^.  In  addition,  the 
calculated  result  for  the  relaxed  structure  free  from  .strain  in  a” -pha.se  is  also  shown  in  the 
j  figure  in  order  to  examine  the  effect  of  strain  on  the  magnetic  moments.  This  turns  out  to 

be  bee  Fe  with  eight  unit  cells.  As  for  this  structure,  starting  from  about  2.2  Pg  at  equilibri¬ 
um  volume  of  8  unit  cells,  ~189  the  moment  reaches  about  2.5  Pg  at  the  measured 
volume  of  Fe,jNj.  These  results  indicate  that  the  occurrence  of  the  calculated  magnetic 
moments  for  Fe^Nj  arc  dominated  mainly  by  the  lattice  expansion  as  well  as  for  Fc,N  and 
Fe^N  and  the  strain  in  Fe,jNj  has  little  influence  on  the  average  magnetic  moment  ,  so  far 
as  the  band  calculations  arc  concerned. 


Inspections  for  the  magnetism  of  FCj^N. 


For  FCj^Nj,  the  calculated  result  of  the  magnetic  moment  is  considerable  smaller  than 
the  measured  value.  Recently,  Sugita  et  al.  (I6|  reported  that  the  average  moment  of 
FCjjNj  extends  to  3.5  Pg  at  -268*C  with  the  mea.suremcnt  of  the  magnetization.  Thus  the 
magnetic  aspect  of  Fc,jNj  seems  to  be  quite  outstanding  in  the  series  of  iron  nitrides.  In 
this  section,  we  try  the  Either  inspection  for  the  magnetism  of  the  Fej^^N^. 


Table  II  Spin  and  oibital  magnetic  moments  (Pg)  of  Fej^N^  and  bcc-Fe 


Spin 

orbital 

Fel 

2,27 

0.082 

Fell 

2.26 

0.066 

Fel  1 1 

2.82 

0.082 

bcc-Fe 


2.23 


0.062 
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In  I'ablcll,  wc  present  the  oihilal  moments  of  calculated  h\  mtioducing  the  spin 

orhil  interaction  in  the  LMTO-Hamiltonian.  The  result  for  bcc-he  is  also  shown  lot 
comparison.  Though  the  orbital  moment  of  is  slightly  larger  than  that  of  Itcc-I  e.  it  is 

still  small  as  is  the  case  with  usual  transition  metal  systems.  So  it  is  found  that  the  orbital 
moment  can  not  make  up  for  the  difference  from  the  experiments.  Actually,  the  g-salue  of 
this  film  has  been  measured  to  be  almost  2.0  |2K|. 

Further  wc  tried  a  non-local  correction  to  the  local  density  approximation  with  use  of 
generalized  gradient  approximation  (GGA)  |20|  and  obtained  an  increase  of  magnetic 
moment  as  much  as  about  0.1  per  Fe  atom.  Thus  the  non-local  correction  is  also  minor 
contribution  to  the  magnetic  moment. 

Looking  into  an  influence  of  the  local  atomic  stmeture  on  the  magnetic  mo.ncnt.  wc  anended 
to  the  octahedron  structure  of  Fel  and  Fell  atoms  surrounding  the  N  as  a  central  atom. 
From  view  point  that  this  octahedron  is  an  unit  basis  of  the  atrresponding  martensite,  we 
examine  the  relation  between  the  elongation  ratio  and  the  variation  of  the  local  magnetic 
moments.  Fig.  10  gives  the  calculated  local  magnetic  moments  of  each  Fc  site  as  a  function 
of  distance,  d^p  lietwecn  the  neighboring  Fell  atoms.  The  moments  of  the  Fell  sites  in¬ 
crease  with  increasing  d|,^||  while  the  moments  of  the  Fel  and  Fel II  sites  decrease.  As  a 
result,  moments  of  the  Fell  site  and  the  Fel  site  split  as  d|^|  increases.  This  result  predicts 
that  the  variation  of  the  local  moment  is  strongly  correlated  with  the  elongation  ratio  of  the 
Fe  octahedron.  On  the  other  hand,  the  average  moment  exhibits  few  change  with  the  elon¬ 
gation  ratio  and  then  is  expected  not  to  be  affected  so  much  by  the  litcal  atomic  arangc- 
ments. 


M 

(•VRf) 


Fig.lO  Local  magnetic  moments  of  Fe^^N,  as  a  function  of  the  distance  between  the  Fell 
atoms. 

Finally,  we  have  performed  the  calculation  for  Fc,jNj  (X=B,  C,  N,  O  and  vacancy)  to 
obtain  systematically  the  effects  of  the  non-metal  atom  on  the  Fc  moments.  Fig.  1 1  shows 
the  calculated  magnetic  moments  for  each  FCj^X^.  The  average  moment  is  found  to  be 
increased  with  the  increase  of  the  atomic  number  and  the  moment  reaches  the  maximum 
value  when  X  takes  the  vacancy.  The  results  can  be  considered  to  reflect  the  fact  that  the 
charge  distributions  of  the  valence  electrons  of  these  elements  arc  getting  shrunk  as  the 


a48  as  0.52  054 


distance  between  Fed  atoms 
(in  unit  of  a  ) 
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atomic  number  increases  (l  ig  12)  Thai  is,  the  lower  ihe  aloniic  number  is.  the  iiiote  the 
wavefunclion  is  delocalized  and  then  ihc  itinerancy  ol  the  talencc  elcctrotis  is  gctiiin; 
enhanced,  lliis  in  turn  suppresses  the  exchange  splilling. 


big.  1 1  laical  magnetic  moments  and  Ihe 
average  magnetic  moments  of  bCi^  X, 
(X=B,  C,  N,  O  and  vacincy) 


X(Fe^) 


Fig.  12  Valence  (Zs  and  2p  states) 
charge  densities  of  atomic  states 
of  the  elements,  B,  C,  N  and  O. 


SUMMARY 


We  have  performed  the  spin-polarized  band  calculations  for  the  iron  nitrides,  Fe.,N. 
Fe^N  and  Fej^Nj,  with  LMTO-ASA  method  within  Ihc  frame  of  local  spin  density  formal¬ 
ism.  As  for  the  local  magnetic  moments,  the  most  distant  Fe  atoms  from  N  have  the  largest 
magnetic  moment.  The  central  role  of  the  N  atom  is  to  expand  the  Fe  lattice  to  give  the 
enhancement  of  the  magnetic  moments.  It  should  be  noted,  however,  that  the  N  atoms  help 
a  hopping  of  the  electrons  and  then  prevent  the  exchange-splitting.  As  a  consequence,  the 
lower  concentration  of  the  N  atom  gives  the  larger  magnetic  moment.  Quantitatively,  the 
calculated  moments  are  in  good  agreement  with  the  experimental  results  except  for  Fc,^N, 
whose  magnetic  moment  is  quite  outstanding.  We  insist  that  a  new  theoretical  concept  is 
required  to  give  a  quantitative  explanation  for  the  giant  moment  of  FCj^N^.  Experimental¬ 
ly,  more  refined  analysis  for  the  crystal  structure  such  as  local  arrangement  of  he  and  N 
atoms  and  the  magnetic  data  such  as  Mdsshauer  and  neutron  diffraction  arc  also  desired. 


.  -iv.  X, 
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ABSTRACT 

Giant  magnclorcsislancc(GMR)  and  si>fl  magnetic  properties  together  with  their 
structural  characteristics  were  investigated  for  Ni,y.^l'e  multilayers.  1  he  multilayers 

were  prepa'cd  by  the  v<)nvenl  rl  sputtering  method  on  glass  <'r  Si  substrates  using 
various  buffer  layers  including  be.  ''<ii  e('o.  Nibe  and^  oZr.  Although  most  i>l  the  multilayers 
exhibited  (III)  preferred  orientation,  be  buffered  multilayers  showed  a  considerable  X- 
ray  diffraction  peak  at  ('u  thicknesses  around  1  nm  and  2.2  nm  which  corrcsrx>nded  to  the 
peak  positions  of  GMR,  By  using  fee  or  amorphous  underlayers  the  (2tX))  diffracium  intensity 
decreased  while  aniiferromagneiic  coupling  strength  was  much  reduced.  (’rc'ss-scctii>nal 
transmission  electron  microgrc'ph  revealed  that  the  (IDf))  oriented  multilayer  was  gr‘>wn 
the  (100)  oriefed  Fe  underlayer.  By  controlling  the  crystal  oncntalion  and  the  layer 
structure,  significantly  large  magneU>resistancc  ratio  of  more  than  10  can  be  achieved  in  a 
field  as  low  as  20  Oc. 

INTRODUCTION 


Since  the  giant  magcnetorcsislancc((iMH)  effect  has  been  found  in  l‘e/('r  and  ('o/Cu 
muUilayers(Ml.s).  many  efforts  have  been  made  to  achieve  small  snlu.eiion  fields  while 
maintaining  large  MR(l-6|.  Magnetic  multilayers  with  the  GMR  that  consist  ol  sv>li  magnetic 
layers  are  of  tcchm^logical  interest  for  the  application  <4  magneioresislance  Ikv 

Shinii>  and  Yamamoto  1 1  j  obtained  an  MR  r<ilio «.»!  05^  with  a  held  change  ot  50.UH  Oc 
by  using  Nib'c/('u/('o/(‘u  Ml-s:  Nib'c  layers  arc  soft  magnetic,  while  Co  !uyer.>  are  hard.  When 
the  field  strength  is  in  between  the  coercive  fields  ol  the  (V'  and  Nil  e  layers  and  the  exchange 
coupling  is  low  enough,  unlilerromagnctic  ordering  «.K:curs  during  the  magncli/alion  process. 
Sakakima  and  SaUimi{2/  examined  similar  struclurc  Ni bc( *o/Cu/Co/< 'u  MI-s,  and  obtained 
an  MR  ratio  of  1.5'^  in  a  field  as  low  as  hXi  Oc. 

Another  approach  is  the  so-callcd  spin-valve  slruclurc|.'^l.  where  twii  soU  magnetic 
layers,  one  of  which  is  constrained  hy  exchange  anisotropy,  arc  separated  by  a  noble  metal 
layer.  Thi  magnetic  layers  are  not  a>uplcd  antiparallcl,  giving  large  changes  ol  resistance  at 
Uiw  fields. 

Multilayers  with  a  simple  slruclure  of  Nib‘e/('u  were  examined  by  Parkin|4|  and  bv 
Nakalani  cl  a[(.*'l.  I  he'y  Knh  found  i>sciIlalion  in  salurallt»n  mugnelorcsislanee  us  a  lunction  ol 
Cu  spacer  layer  thickness  The  MR  ratio  at  the  first  peak  of  the  oscillation  was  to  1'^  at 
room  temperature  with  saturation  fields  ot  to  2  kOe.  bhese  fields  seem  >lill  loo  high  lor 

the  MR  heads.  Since  the  saturation  fields  become  cxpi'ncnlially  smaller  with  increasing  spacer 
layer  thickness,  it  is  worthwhile  to  try  the  second  peak  as  is  in  the  ease  of  the  spin-valve  In 
case  of  Nil'c/(  u  Mis.  h('wever.  the  GMR  bcci>mes  smaller  than  and  sometimes  does  not 
appcar[4l.  This  may  he  due  li'  the  very  weak  anllferromagnciie  e*»uplmg  between  Nil  e  layers. 

The  aulh«>rs  have  examined  Nib‘e(’o/(  u  Mls|fi-hj.  expecting  a  lager  (iMR  than  those  ot 
Nib'e/(‘u  Mis.  As  sht)wn  in  the  diagram  ol  l  ig  Ijlti.!!].  the  ✓ero-magneti'slrictKm  and  'he 
/ero-magnel<ieryslallme  anisolrt^py  coexist  at  two  eompH'silions  at  the  same  lime  I  he 
composition  with  higher  Co  eonlcnl,  n.imely  Nify.be  j f, Co  jy  is  supposed  to  exhibit  a  lager 
GMR  and  a  larger  uni.ixi.il  anisolropy|12)  A  large  uniaxial  anisotropy  is  etieclive  in  delining 
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the  direction  of  the  moment  in  each  magnetic  layer  and  thus  the  magnetization  process 
becomes  a  coherent  rotation  desirable  for  a  good  high  frequency  response. 

In  the  previous  paper,  the  authors  reported  that  Ni^^Fe  j^Co  jg/Cu  Mis  with  F'e  buffer 
layers  prepared  by  rf  magnetron  method  exhibit  an  MR  ratio  of  35%  and  15%  at  the  first  and 
the  second  peak,  respectively.  The  interlayer  antiferromagnetic  coupling  constant  is  as  low  as 
0.05  and  0.003  erg/cm  ^  for  the  first  and  the  second  peak,  respectivelyl6|.  We  also  found  that 
the  interlayer  coupling  at  the  second  peak  was  reduced  one  third  by  using  NiFeCo  buffer 
layers(8,91. 

In  this  paper  we  will  describe  the  GMR  and  the  structure  of  soft  magnetic  NiFeCo/Cu 
Mis  prepared  on  various  buffer  layers.  We  will  discuss  effect  of  buffer  layers  on  the 
microstructure  and  on  the  interlayer  coupling  strength.  We  will  also  show  the  thermal  stability 
of  the  MLs. 

EXPERIMENTAL 

NiFeCo/Cu  Multilayered  films  and  NiFeCo  single  layered  films  were  prepared  using  the 
magnetron  sputtering  method  at  an  Argon  pressure  of  5  mTorr.  Films  were  deposited  at  a 
rate  of  about  0.1  nm/s  both  for  NiFeCo  and  Cu.  When  not  notified  the  substrates  were 
microscope  glass  slides  .  The  target  for  the  NiFeCo  was  a  composite  type  where  Fe  and  Co 
chips  were  placed  on  a  Ni  plate.  Since  Ni  is  relatively  soft-magnetic,  the  magnetic  flux  from  the 
magnet  behind  the  target  was  almost  shunted  through  the  Ni  target. 

To  induce  uniaxial  anisotropy  in  the  magnetic  layers,  a  magnetic  field  of  about  40  Oc 
was  applied  parallel  to  the  film  plane  by  NdFeB  magnets  placed  above  the  NiFeCo  target.  This 
field  also  influenced  the  discharge,  enhancing  the  sputtering  rate  of  NiFeCo  about  two  times. 
As  described  in  ref,[8|,  good  layer  structure  resulting  in  a  large  MR  ratio  was  obtained  only 
when  the  field  was  applied. 


100  0 
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Fig.l  Zero-magnetostriction  and  zcro-magncUx.Tystalline  anisotropy  composition  for 
Ni^s  '16^ ‘*18  ‘tlloy  system. 
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Multilayers  with  a  construction  of  (NiI’eCo(l.Snm)/Cu(tf'[j))3(j  were  deposited  on 
substrates  with  or  without  bufferlayers.  The  buffer  layers  were  5  nm  thick;  l  e,  l-e7QCo;,(^ 
^'6^16*-'°  18' *'*‘82*^18  deposited  at  room  temperature.  The  crystal 

structure  of  Fe  and  FeCo  buffer  layers  were  found  u>  be  bee  and  CoZr  was  amorphous. 

Structural  analysis  was  done  by  conventional  X-ray  diffractometry  using  the  Cu-K  a 
radiation.  For  typical  samples,  high  resolution  transmission  electron  microscopy  (  TFM) 
observation  was  done  with  a  H-9000UHR  electron  microscope  at  an  acceleration  voltage  ol 
300  kV.  To  study  the  thermal  stability,  isochronal  annealing  was  carried  out  at  successively 
higher  temperatures  of  up  to  400  X".  for  1  hour  in  a  vacuum  of  10'-  Torr. 

RESULTS  AND  DISCUSSION 

Soft  magnetic  nrooerties  of  NiFeCo  single  layered  films 

Ni(^  single  layered  films  of  240  nm  in  thickness  were  prepared  under  the 

same  condition  as  the  Ml.s  except  the  substrate  holder  fixed  above  the  NiFeCo  target.  Figure 
2  shows  the  magnetization  curves  by  applying  fields  parallel  and  perpendicular  to  the  easy  axis. 
The  coercivity  in  the  easy  axis  loop  is  as  low  as  1.3  Oe,  but  that  of  hard  axis  is  a  little  higher. 
The  film  shows  an  anisotropy  field  of  about  20  Oe  which  is  several  limes  larger  than 
conventional  permalloy  (Nig2Fejg)  films.  We  have  confirmed  that  the  single  layered  films 
exhibit  a  saturation  magnetostriction  smaller  than  1  x  10"^. 


Fig.  2  Magnetization  curves  for  a  240  nm  thick  NiFeCo  alloy  film  prepared  by  rf 
sputtering.  Full  and  broken  lines  respectively  show  the  curves  measured  with  a  field 
parallel  and  perpendicular  to  the  easy  axis.n0,U) 
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Structure  of  NiFeCo  multilayers 

Figures  3(a)  and  (b)  show  the  low  angle  diffraction  patterns  for  NiFeCo/Cu  Ml.s  with 
tQj  =  0.9  and  2.2  nm,  which  correspond  to  the  first  and  the  seamd  peaks  of  MR  ratios, 
respectively.  According  to  the  figure,  there  were  some  differences  in  the  intensity  of  the  first 
order  low  angle  diffraction  peak  for  both  Iqj  =  0.9  and  2.2  nm.  The  differences  however  were 
not  systematically  dependent  on  the  structure  of  the  buffer  layers.  As  far  as  the  low  angle 
diffraction  pattern  is  concerned,  the  difference  in  layer  structure  is  not  clear. 


(a) 


(b) 


Fig.  3  Low  angle  XRD  patterns  for  (NiFeCo/CuJjQ  multilayers  prepared  on  various  buffer 
layers,  where  the  thickness  of  Cu  layers  are  about  0.9  and  2.2  nm  for  (a)  and  (b),  respectively. 
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High  angle  diffraction  patterns  are  shown  in  Figs.  4(a)  and  (b)  for  the  same  MLs  with 
Figs.  3(a)  and  (b).  respectively.  As  seen  in  Fig.  4(a).  the  NiFeCo,  NiFe,  CoZr  buffered  and 
nonbuffered  MLs  showed  (111)  preferred  orientation  while  Fe  and  FeCo  buffered  MLs  were 
unstable  or  uncontrollable  in  crystal  orientation:  some  times  (111)  intensity  is  stronger  than 
(200)  and  some  times  vice  versa.  In  the  samples  of  Fig.  4(a),  Fe  and  FeCo  buffered  MLs  show 
(200)  diffraction  peak  intensities  even  higher  than  (111)  intensities.  At  the  second  peak  of  tQj 
=2.2nm  .  although  (111)  intensities  become  much  higher  than  those  of  the  first  peak,  the 
tendency  in  the  orientation  is  simitar  to  that  of  the  first  peak. 

As  shown  in  Fig.  4(b),  the  (2(X))  intensities  in  Fe  and  FeCo  buffered  MLs  are  higher  than 
others.  Thus  we  consider  that  bcc  Fe  and  FeCo  buffer  layers  are  effectively  nucleating  and 
developing  the  (1(X))  oriented  crystallites  in  the  MLs. 


(a) 


(b) 

Fig.  4  High  angle  XRD  patterns  for  [NiFeCoAru]3o  multilayers  prepared  on  various  buffer 
layers,  where  the  thickness  of  Cu  layers  are  about  0.9  and  2.2  nm  for  (a)  and  (b),  respectively. 
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Figure  5(a)  and  (b)  show  cross-sectional  TEM  views  of  Fe(5nm)  buffered 
(NiFeCo(1.5nm)/Cu(lnm)l3Q  ML  prepared  on  a  Si(l(X))  substrate.  In  the  low  magnification 
bright  field  view  in  Fig.  S(a),  a  well  defined  and  reasonably  flat  layer  structure  is  seen  for  the 
NiFeCo/Cu  ML  and  for  the  Fe  buffer  layer  although  the  chemical  contrast  between  Cu  and 
NiFeCo  is  generally  lower  than  grain  contrast.  From  this  view,  columnar  structure  is  also 
observed  parallel  to  the  film  normal  direction.  In  the  high  resolution  image  of  Fig.  S(b),  lattice 
images  are  seen  both  in  the  NiFeCo/Cu  ML  and  the  Fe  buffer  layer.  A  flat  Fe  layer  is  seen  on 
an  oxidized  Si  layer,  where  {110}  lattice  fringes  are  45"  from  the  film  normal.  This  shows  that 
the  Fe  buffer  layer  has  <1(X)>  axis  mostly  normal  to  the  film  plane.  In  the  ML  region,  (111) 
lattice  planes  are  40  to  80  degree  angles  in  relation  to  the  film  plane.  They  can  scarcely  be  seen 
in  the  direction  parallel  to  the  film  plane.  Instead,  on  the  right  side  of  the  photograph  lattice 
fringes  corresponding  to  (200)  planes  are  seen  parallel  to  the  film  plane.  These  results  are 
consistent  with  the  results  of  XRD  measurements.  The  ML  has  a  random  or  weak  <10f)> 
orientation.  The  lattice  misfit  for  bcc-FelOOl)  II  fcc-Ni|011]  epitaxial  growth  is  as  large  as  1 1%, 
but  both  Fe(OOl)  and  Ni(OOl)  planes  are  simple  square  lattices.  Such  an  epitaxis  is  likely  to 
occur  at  the  interface  between  Fe  buffer  and  NiFeCo/Cu  MLs. 

Figures  6(a)  and  (b)  show  cross-sectional  views  of  NiFeCo(5nm)  buffered 
(NiFe(2o(1.5nm)/Cu(2.1nm))3Q  ML  prepared  on  a  glass  substrate.  The  low  magnification 
bright  field  view  which  is  slightly  deforcused  shows  clear  layer  structure.  The  flatness  of  layer 
interfaces  is  slightly  less  than  that  of  the  Fe  buffered  ML  shown  above  while  the  columnar 
structure  is  more  pronounced.  The  average  diameter  of  the  columns  is  about  25  nm  on  the 
film  surface.  In  the  high  resolution  image,  (111)  lattice  fringes  are  seen  in  various  directions 
for  both  the  buffer  and  the  ML  Many  of  them  are  at  low  angles  with  respect  to  the  film  plane. 
Here  it  is  noted  that  on  the  upper  right  side  (200)  lattice  plane  are  also  seen  in  a  direction 
nearly  parallel  to  the  film  plane.  Although  it  is  a  problem  whether  the  cross  sectional  TF-IM 
image  shows  structures  equal  to  those  averaged  in  the  whole  film,  this  image  suggests  that  the 
film  has  a  weakly  (111)  oriented  texture  and  is  consistent  with  the  XRD  results. 

The  difference  between  the  samples  in  Figs.5  and  6  is  not  only  in  the  bufferlayer  but 
also  in  the  substrate  and  the  Cu  layer  thickness! consequently  the  total  thicknesses  of  the  films 
are  different).  However  for  the  crystal  orientation,  the  bufferlayer  will  be  most  responsible. 
The  relation  between  the  crystal  orientation  and  the  llatness  of  the  layer  interface  is  still  not 
known.  The  mixture  of  (111)  and  (KXI)  oriented  grains  may  suppress  the  columnar  grain 
growth  and  result  in  very  flat  interfaces. 

Magnetoresistance 


Typical  magnetoresistance  curves  ate  shown  in  Figs.  7(a)  and  (b)  for  the  MLs  with  tCu 
around  the  1st  and  the  2nd  peak,  respectively,  grown  on  various  buffer  layers.  In  the  1st  peak, 
Fe  and  FeCo  buffered  MLs  show  larger  MR  ratios  and  higher  saturation  fields  than  others. 
The  saturation  fields  of  other  Ml.s  are  not  reduced  much,  so  the  field  sensitivities  dR/dll  of 
all  the  MLs  are  nearly  the  same.  For  the  2nd  peak,  the  MR  curves  are  much  different  in  shape. 
The  MLs  with  NiFeCo,  NiFe,  CoZr  and  without  buffer  layers  show  much  smaller  saturation 
fields  than  MLs  with  Fe  and  FeCo  buffer  layers.  It  should  be  noted  here  that  NiFeCo  buffered 
ML  shows  a  saturation  field  as  low  as  .70  Oe  keeping  a  larger  MR  ratio  of  12%  which  is  nearly 
the  same  as  Fe  buffered  ML  As  a  result,  NiFeCo  buffered  ML  exhibit  a  field  sensitivity  as  high 
as  0.5  %/Oe  on  the  easy  axis.  When  the  field  is  applied  in  the  hard  direction,  the  MR  varies 
smoothly  with  the  applied  field,  reflecting  the  magnetization  process  with  magnetization 
rotation.  However,  the  trace  of  minor  loops  are  slightly  different  from  the  major  loop;  the 
minor  loops  show  some  hysteresis.  The  field  sensitivity  for  a  small  ac  field  was  about  0..7  %/Oe, 
which  was  almost  constant  up  to  1  MHz. 

The  multilayers  with  NiFe,  CoZr  and  no  buffer  layers  also  showed  very  small 
saturation  fields  but  we  have  not  yet  succeeded  to  gel  high  MR  ratio. 
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(a) 


(b) 

Fig.  5  Cross-section  transmission  electron  micrographs  of  Fe(5nm)  buffered 
[NiFeCo(1.5nm)/Cu(l.Onm)}30  multilayers  on  Si  substrate  at  (a)  low  and  (b)  high  resolution. 


278 


Fig.  6  Cross-section  transmission  electron  micrographs  of  NiFeCo(5nm)  buffered 
(NiFeCb(1.5nm)/Cu(2.1nm)J3o  multilayers  on  glass  substrate  at  (a)  low  and  (b)  high 
resolution. 
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Figure  8  shows  Cu  layer  thickness  dependence  of  the  MR  ratio  and  the  saturation  field 
for  (NiFeCofl.SnmVCuftf’jjfljQ  MLs  with  various  buffer  layers.  Although  the  data  are  not 
sufficient  for  buffer  layers  other  than  Fe,  all  the  MI.S  with  different  buffer  layers  seem  to 
exhibit  the  same  oscillation  behavior  as  a  function  of  t^-^ .  It  is  seen  from  the  figure  that  Fe  and 
FeCo  buffered  MLs  show  MR  ratios  slightly  larger  than  others  and  the  large  MR  ratio  in 
wider  range  of  tQ,.  The  latter  point  indicates  that  F-e  and  FeCo,  namely  bcc  buffered  MLs 
have  a  more  perfect  layer  structure  than  the  others.  Waved  structure  seen  near  the  surface  i>f 
NiFeCo  buffered  Ml.  (Fig.6(b)|  will  disturb  the  complete  antiferromagnetic  coupling.  It  makes 
a  mixture  of  antiferromagnetic  and  ferromagnetic  coupling.  These  results  in  a  narrower  range 
of  t^y  for  antiferromagnetic  ordering. 

From  the  lower  figure  it  is  seen  that  NiFeCo,  NiFe,  CttZr  buffered  and  non-buffered 
MLs  exhibit  smaller  saturation  fields  than  Fe  and  FeCo  buffered  MCs,  especially  in  the  second 
peak.  The  saturation  fields  for  fee  and  amorphous  buffer  layers  are  less  than  one  third  of  F'e 


Magnetic  field  (kOe) 


Fig.  7  Magnetoresistance  curves  for  (a)  INiFeCo(1.5nm)/Cu(1.0nm)]3Q  and 

(b)  [NiFeCo(L5nm)/Cu(2.1nin)l3Q multilayers  prepared  on  various  buffer  layers  of  5  nm 

thick. 
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and  FeCo  buffered  MLs.  According  to  the  argument  of  Kgelhoff  and  Kief|13|,  ihe  sir 
antiferro  coupling  in  Fe  and  FeCo  buffered  MLs  could  be  a  result  of  a  minority  constituen 
(100)  oriented  grains.  Their  argument  was  based  on  the  fact  that  the  GMR  was  haidly  fou 
in  MBE  grown  (111)  Co/Cu  superlattices.  Recently  several  groups  have  found  large  MR  in 
(111)  oriented  MBE  films  for  Cu  thicknesses  less  than  1  nm(13,141.  Furthermore  Renard  et 
al.[151  found  a  large  GMR  even  with  Cu  thickness  in  the  second  peak  with  relatively  low 
saturation  field  of  about  1  kOe.  They  pointed  out  that  the  low  roughness  of  the  Co/Cu 
interface  is  crucial  to  the  large  MR  effects. 


Fig.  8  Magnetoresistance  ratio  and  saturation  field  for  (NiFeCo(1.5nm)/Cu|-,Q  multilayers 
prepared  on  various  buffer  layers  as  a  function  of  Cu  layer  thickness. 
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At  present  we  are  not  sure  whether  lower  saturation  fields  in  fee  and  amorphous 
buffered  MLs  came  from  the  (111)  preferred  orientation  or  from  the  rougher  layer  structure. 
As  for  as  the  1st  peak  of  the  low  angle  diffraction  is  eonsemed,  we  have  not  found  systematic 
relation  between  the  layer  structure  and  the  saturation  field  strength.  For  further  discussion, 
we  need  more  precise  low  angle  XKD  measurements  and/or  more  systematic  cross  sectional 
TEM  observation. 

Thermal  stability 

Finally  we  present  preliminary  results  of  annealing  experiments.  In  the  low  angle  XKD 
measurement,  both  MLs  with  t^^  in  the  1st  and  2nd  peaks  showed  no  significant  change  in 
the  intensity  of  the  1st  peak  after  annealing  up  to  4()0  X.'  .  In  the  high  angle  XKD,  the  Mlai 
showed  slight  growth  of  crystallites  in  the  film  normal  direction  after  annealing  at  above  30U 

r. 

Figures  9(a)  and  (b)  show  the  MR  curves  for  NiFeCo  buffered  MLs  with  t'u  thickness 
for  the  1st  and  2nd  peaks,  respectively.  In  the  1st  peak,  considerable  degradation  was  seen  in 
the  MR  ratio  after  annealing  at  250  t  and  GMR  almost  disappeared  at  300  X'.  The 
saturation  fields  didn't  appear  to  be  influenced  by  the  annealing. 

For  the  2nd  peak,  the  MR  ratio  was  almost  constant  or  slightly  increased  by  the 
annealing  up  to  250  X'.  Degradation  began  after  annealirig  at  SIX)  f  in  the  MR  ratio.  I'he 
saturation  field  was  also  constant  or  slightly  increased  after  annealing  up  to  .3(XI  ('. 
Comparing  Figs,  (a)  and  (b),  one  can  see  that  the  ML  structure  of  the  2nd  peak  is  more  stable 
to  thermal  agitation  than  the  1st  peak,  and  probably  more  suitable  for  applications. 


Fig.  9  Magnetoresistance  curves  for  NiFeCo  buffered  (a)  [NiFeCo(l.-5nm)/Cu(1.0nm)J3Qand 
(b)  |NiFeCo(1.5nm)/Cu(2.1nm)l3Q  multilayers  after  annealing  at  various  temperatures. 
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CONCLUSION 

Giant  masnetoresistance  and  antiferro  coupling  have  been  investigated  for  NiFeCo/Cu 
multilayers  grown  on  various  buffer  layers.  The  multilayers  have  random  or  (100)  preferred 
orientation  when  prepared  on  bcc  Fe  or  FeCo,  while  (111)  orientation  prepared  on  fee  NiFe, 
NiFeCo,  amorphous  CoZr,  or  glass.  NiFeCo,  NiFe,  CoZr  buffered  and  non-buffered  Ml.s 
exhibit  smaller  saturation  fields  than  Fe  and  FeCo  buffered  MLs,  especially  at  the  second 
peak.  Although  samples  are  limited  and  not  systematic,  cross  sectional  TEM  observation 
revealed  that  the  Fe  buffer  layer  has  (100)  an  orientation  normal  to  the  film  plane  and 
NiFeCo/Cu  crystallites  often  grow  epitaxialy  on  Fe  (100)  a  plane  with  [1001  axis  normal  to  the 
film  plane.  This  seems  to  be  the  reason  why  the  Fe  buffered  ML  has  often  (1(X))  orientation. 
The  mixture  of  (100)  oriented  crystallites  with  (111)  oriented  ones  may  suppress  the  ailumnar 
grain  growth  and  make  the  interface  flatter. 

In  NiFeCo  buffered  MLs  at  the  second  peak  a  considerably  high  field  sensitivity  of 
about  0.5  %/Oe  was  obtained  at  room  temperature.  This  is  comparable  to  or  higher  than  MR 
ratios  in  conventional  anisotropic  magnetoresistance  materials.  Further  improvement  in  the 
soft  magnetic  properties  will  make  this  material  promising  for  practical  applications. 
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ABSTRACT 

We  present  a  theoretical  study  of  the  combined  effect  of  spin  valve  and 
anisotropic  magnetoresistance  in  NiFe/Cu/NiFe  layered  thin  films,  using  an 
extended  form  of  the  .semiclassical  Camley  and  Bamas  model  for  electron 
transport.  The  anisotropic  magnetoresistance  is  treated  by  introducing  spin- 
dependent  anisotropic  mean  free  paths  in  the  NiFe  layers.  From  calculations  of 
both  magnetoresistance  effects  as  a  function  of  MFe  and  Cu  thickness,  we  discuss 
the  validity  of  a  description  of  the  combined  effect  in  terms  of  a  simple 
summation  of  spin  valve  and  anisotropic  magnetoresistance. 


INTRODUCTION 

Recently  Dieny  et  al.  reported  on  the  magnetotransport  properties  of 
NigoFejo/Cu/NigoFeiQ/MnjoFe,^  layered  thin  films'  ’.  The  low  field  magnetoresistive 
behaviour  of  these  layered  systems  may  be  advantageous  for  application  in 
magnetoresistive  readback  heads,  which  are  an  important  element  of  high  density 
magnetic  recording'.  Recent  measurements  on  this  type  of  layered  thin  films  show 
a  combination  of  two  magnetoresistance  effects',  viz.  the  spin  valve  magnetoresistance 
( "Giant  Magnetoresistance",  GMR),  depending  on  the  angle  between  the  magnetization 
vectors  of  the  NijoFejo  layers,  and  anisotropic  magnetoresistance  (AMR),  depending 
on  the  angle  between  current  and  magnetization  in  each  permalloy  layer. 

In  this  paper  we  present  a  theoretical  study  of  the  magnetoresistance  of  t^,j.p 
M.Fe/t(-„  Cu/t|^-p^  NiFe  layered  thin  films.  We  calculate  the  GMR  and  AMR  as  a 
function  of  the  thickness  of  the  NiFe  layers  (In,fc)  and  the  Cu  interlayer  (t(^.„),  and 
we  will  discuss  the  validity  of  a  description  of  the  combined  effect  in  terms  of  a 
simple  summation  of  the  GMR  and  AMR,  as  proposed  by  Miller  et  al.'; 

R((p,,<pP  =  R„-lAR^^,^(sim(p,+sin'(Pj)  +  lAR,.^(l -cos((p,-(p,))  (D 

In  this  equation  (p,  and  tpj  are  the  angles  of  the  magnetizations  of  the  two  NiFe 
layers  with  respect  to  the  current  direction  and  R,,  is  the  resistance  for  (P|=(pi=0°. 

Fig.  1  shows  the  geometry  of  the  system.  Magnetizations  and  cuiient  are  directed 
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in  the  plane  of  the  layers.  The  magnetization  vector  of  the  lower  NiFe(  1 )  layer  can 
be  rotated  with  respect  to  the  top  NiFe(2)  layer  magnetization,  as  in  the  case  of 
exchange  biased  systems,  enabling  one  to  create  a  transition  between  a  parallel  and 
antiparallel  arrangement  of  the  two  layers,  yielding  the  GMR.  In  our  calculation 
of  the  AMR  the  current  direction  is  rotated  with  respect  to  the  direction  of  the 
magnetization  of  both  magnetic  layers,  contrary  to  the  experiments  of  Miller  et  al.c 

Figure  1 :  Geojnetry  of  the 
sample.  N?,  and  are 
the  NiFe  magnetization 
vectors  and  T  is  the 
current. 


THE  MODEL 

We  have  carried  out  model  calculations  of  the  resistance,  using  the  setniclassical 
model  for  electron  transport  in  magnetic  multilayers  that  has  been  proposed  by  Cainley 
and  Bamas''.  This  model  is  based  on  the  Boltzmann  tran.sport  equation.  In  the  original 
version  the  model  parameters  were  chosen  to  describe  mainly  interfacial  spin-dependent 
scattering,  as  it  was  applied  to  multilayers  of  pure  elements.  In  our  case,  being 
interested  in  layered  thin  films  involving  a  ferromagnetic  alloy,  we  expect  a  largo 
additional  contribution  of  bulk  spin-dependent  scattering,  as  was  already  indicated 
by  Jaoul  et  al.’  and  Dieny  et  al.‘.  In  the  present  model  calculations  we  assume  only 
bulk  spin-dependent  scattering  in  the  ferromagnetic  layers,  and  neglect  effects  at 
the  interfaces.  At  the  outer  boundaries  we  assume  a  perfectly  diffusive  scattering 
of  electrons.  Calculations  are  carried  out  for  T=0  K.  where  spin  Hip  scattering  can 
be  neglected:  the  spin  up  and  spin  down  contributions  to  the  current  are  independent. 

In  order  to  treat  the  AMR,  we  have  extended  the  Camley  and  Barnas  model, 
by  adding  a  dependence  of  the  mean  free  paths  in  the  NiFe  on  the  angle  between 
the  electron  velocity  vector  ^ and  the  NiFe  magnetization  vector  ivf.  This  intrinsically 
anisotropic  mean  free  path  for  majority(T)  and  minoritv(i)  spin  electrons  is  siven 
by: 

This  expression  can  be  derived  when  taking  spin-orbit  interaction  in  the  Ni^Fe  ,^d 
bands  into  account  (after  McGuire  and  Potter").  Neglecting  the  cosS'f-term.  a  set 
of  parameters  can  be  derived  which  is  consistent  with  the  experimental  spin 
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and  angular  resolved  resistivity  data,  obtained  by  Dorleijn'.  for  dilute  bi'lk  NiFe: 

ll  =0.92,  =  14%,  =  -2.2%,  (3) 

'  P|  P| 

where  Pj  is  the  resistivity  in  the  case  of  M||i  and  is  the  resistivity  in  the  case 
of  MXi,  i^  is  the  current  due  to  spin  up  electrons  and  i  is  the  total  current.  Dorleijn' s 
data  show  that  the  conductivity  of  NiFe  is  mainly  due  to  majority  spin  electrons, 
and  that  the  AMR  is  governed  by  the  anisotropic  scattering  of  majority  spin  electrons. 
The  results  for  NiFe.  with  small  concentrations  of  Fe  in  Ni,  are:  a^=0.327,  a’=-().055. 
corresponding  to  Ap/p|=12.9  %  for  bulk  alloys  at  4.2  The  data  of  eq.  (.3)  apply 
only  to  dilute  systems,  and  at  pre.sent  no  values  of  a^  and  a^  can  be  derived  for  more 
concentrated  alloys,  such  as  NIk^Fcio  in  which  Ap/p|=15.2  %  at  4.2  K.  Therefore 
we  used  the  a^'*'  for  dilute  alloys  in  our  model  calculations.  Furthermore  we  used 
X^/(NiFe)=l20  A,  X,/(NiFe)=6  A  and  X.(Cu)=135  A.  As  shown  by  Dieny"’  these 
are  quite  realistic  values  for  Nix„Fei,/Cu/Ni^„Fe2„  systems. 


RESULTS  AND  DISCUSSION 


Fig.  2a  .shows  the  calculated  values  of  the  giant  magneloresistance  ratio  as 
a  function  of  t(-^,  and  t^ipe,  defined  as: 


GMR(M!li)  = 


R(AP,M||i)-R(P,Mii) 

R(P,Mii) 


(4) 


the  magnetizations  being  colinear  to  the  current  direction.  Fig.  2b  shows  the  calculated 
anisotropic  magnetoresistance  ratio  as  a  function  of  tp.„  and  tp|,p^..  defined  as: 

AMR(P)  =  RfP.Mji)  ~R(P.M±i) 

R(P.Ml|i) 

the  magnetizations  being  mutually  parallel.  From  fig.  2a  we  can  see  that  the  maximum 
in  GMR  is  achieved  at  very  low  thicknesses  for  t(-y=0  A  and  tNiFe=20  A.  For  larger 
tp^,  the  GMR  is  reduced  because  of  shunting  effects.  For  large  tp,|,.g  it  is  also  shunting 
that  determines  the  reduction  in  GMR.  For  very  small  tpijp^,  diffuse  scattering  of 
the  spin  up  electrons  at  the  boundaries  reduces  the  asymmetry  in  the  scattering  of 
spin  up  and  spin  down  scattering  and  therefore  the  GMR.  The  dashed  line  in  fig. 
2a  marks  the  t^jp^  with  the  highest  GMR,  as  a  function  of  tp-^.  It  shows  that,  in 
order  to  maximize  the  GMR,  tf^jp^  must  be  enlarged  with  increasing  tp„,  thereby 
preventing  the  current  from  running  mainly  through  the  Cu  layer.  In  fig.  2b  it  can 
clearly  be  noticed  that  shunting  by  the  Cu  interlayer  gives  a  considerable  reduction 
of  the  AMR.  For  tp||pj=200  A  and  t^-y^O  A  the  assumed  bulk  value  of  12.9%  for 
the  AMR  is  almost  reached. 


tt^Fe  'NiFe  <^1 
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GMR  (M//i) 


Figure  2a:  Calculated 
GMR  {%),  with  magne¬ 
tizations  parallel  to  the 
current  direction,  as  a 
function  of  t^jjp^.  and  t^u. 
The  dashed  line  connects 
points,  for  each  Cu  thick¬ 
ness,  of  optimal  NiFe 
thickness. 


AMR  (P) 


Figure  2b:  Calculated 
AMR  (%),  with  parallel 
magnetizations,  as  a 
function  of  t^ip^  and  t^.^. 
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In  fig.  3  the  difference  which  is  defined  as; 

^  ^  lR(AP,M|li)-R(P,Ml|i)l-(R(AP,Mli)-R(P.M±i)! 

R(P,M||i) 


(h) 


is  plotted  as  a  function  of  t^,,.,.  and  represents  the  influence  of  anisotropic- 

scattering  on  the  GMR.  Comparison  of  fig.  2a  and  3  shows  that  A^;|^,j/GMR(M||i) 
can  reach  at  least  10  to  20%  in  areas  where  GMR  is  very  small  and  is  large 
enough,  e.g.  for  t(-^=10  A  and  very  .small.  Trends  in  fig.  3  can  be  understood 
when  taking  the  following  three  points  into  account,  (i)  According  to  eq.  (2)  the 
average  value  of  ^^(NiFe)  for  electrons  colinear  to  the  direction  of  the  current  is 
smallest  in  the  case  of  M||i.  This  reduces  the  spin-dependence  of  the  scattering  and 
gives  a  negative  contribution  to  This  effect  is  most  important  for  small  NiFe 
thicknesses,  for  which  (due  to  the  diffusive  scattering  at  the  boundaries)  most  of 
the  current  is  carried  by  electrons  with  a  velocity  vector  close  the  current  direction. 

(ii)  In  the  case  of  M||i,  the  enhanced  scattering  of  spin  up  electrons  parallel  to  the 
current  direction  results  in  a  relatively  larger  contribution  to  the  current  from  electrons 
with  a  large  velocity  component  perpendicular  to  the  plane  of  the  layers.  This  results 
in  a  positive  contribution  to  A^mr,  which  is  most  important  for  large  NiFe  thicknesses. 
In  this  case  diffusive  scattering  at  the  boundaries  does  not  severely  limit  the 
contribution  to  the  current  of  electrons  with  a  large  perpendicular  velocity  component. 

(iii)  When  the  GMR  decreases,  the  absolute  value  of  A(-,mr  decreases. 

"^GMR 
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Figure  3:  as  a 

function  of  t^.p^  and  tf^, 
representing  the  influence 
of  anisotropic  scattering 
on  the  GMR. 


The  dependence  of  the  AMR  on  the  mutual  alignment  of  the  magnetic  layers  follows 
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from  the  quantity  which  is  defined  as: 

^  ^  lR(P,M||i)-R(P,Mli)l-lRrAP,M||i)-R(AP.M±r,l 

R(P,Mii) 


(7) 


From  comparison  of  eqs.  (6)  and  (7)  it  follows  that  Therefore  the 

quantity  does  not  contain  new  information. 


CONCLUSIONS 

Our  calculations  have  revealed  that  the  spin  valve  and  anisotropic 
magnetoresistance  in  NiFe/Cu/NiFe  layered  thin  films  cannot  in  all  cases  be  treated 
as  independent  phenomena.  Consequently,  the  description  of  the  combined  effect 
in  terms  of  a  summation  of  a  GMR  and  an  AMR  term  (eq.  ( 1 ))  is  not  strictly  valid. 
In  a  limited  range  of  NiFe  and  Cu  thicknesses,  the  dependence  of  the  giant 
magnetoresistance  ratio  on  the  current  direction  is  larger  than  109f.  However, 
predictions  of  the  total  resistance,  based  on  eq.  ( 1 ).  are  in  almost  the  entire  thickness 
region  studied  precise  within  a  few  tenths  of  a  percent. 

It  can  be  shown  that  our  calculations  of  the  AMR.  based  on  intrinsically 
anisotropic  mean  free  paths  in  the  ^Fe  layers,  provide  an  alternative  for  the  postulate 
of  extrinsically  anisotropic  scattering  by  grain  boundaries,  as  was  proposed  by  Dieny'". 
A  more  extensive  discussion  of  this  issue  and  a  comparison  with  the  experimental 
results  will  be  published  elsewhere^. 
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ABSTRACT 

Magnetic,  magnetotransport  and  stmctural  properties  of  Cu/Co/Cu/NiFe/FeMn  spin- 
valve  stmctures  were  studied  tefore  and  after  sequential  annealing  in  the  temperature  range 
240-360°C.  Since  no  extended  interdiffusion  is  observed,  the  overall  deterioration  of  the 
magnetic  and  magnetoresi.stive  properties  of  the  spin  valve  is  believed  to  originate  from 
morphological  and  stmctural  changes.  In  particular,  annealing  was  found  to  decrease  the 
magnetoresistive  properties  of  Co  as  a  result  of  stmctural  changes  within  the  Co  layer  and  at 
the  Co/Cu  interface.  These  changes  are  accompanied  by  modifications  of  the  magnetic 
properties.  For  armealing  temperatures  above  240“C,  strong  grain  growth  within  the  Co 
layer  and  increasing  amount  of  fee  Co  explain  the  increa.sed  magnetic  hardness  of  this  layer. 


INTRODUCTION 

Since  its  discovery,  many  efforts  have  been  made  to  understand  the  fundamental 
mechani.sms  of  giant  magnetoresistance.  Its  origin  is  now  widely  believed  to  be  spin 
dependent  scattering  (SDS)  [1-8].  The  influence  of  the  detailed  bulk  and  interface  stmeture 
of  metallic  multilayers  and  sandwiches  is  well  accepted  too.  The  nature  of  the  SDS  was 
shown  to  be  either  interfacial  [1, 2,5-7],  bulk  [3,4]  or  both  [7],  depending  on  the  materials 
involved.  In  systems  with  interfacial  SDS,  the  stmctural  properties  of  the  interface  such  as 
interface  roughness  or  compositional  intermixing  play  a  dominant  role.  In  Fe/Cr  multilayers 
for  example,  the  magnetoresistance  amplitude  is  increased  by  interface  roughening  [8,9].  In 
sputtered  NiFe/Cu/NiFe/FeMn  spin  valves,  the  role  of  compositional  intermixing  at  the 
NiFe/Cu  interfaces  has  been  recently  studied  by  systematically  increasing  the  thickness  of  the 
intermixed  regions  through  successive  annealings  [10-14].  In  contrast  to  Fe/Cr,  interface 
roughening  decreases  the  magnetoresistance  amplitude.  The  observed  decrease  was  attributed 
to  the  presence  of  high  resistivity  compositionally  intermixed  layers  at  the  NiFe/Cu 
interfaces.  Spin  independent  .scattering  within  these  non-magnetic,  Cu-rich,  intermixed  layers 
reduces  both  the  number  and  the  mean  free  path  of  the  electrons  exchanged  between  the  two 
ferromagnetic  layers. 

In  this  paper,  we  report  the  effect  of  annealing  on  the  magnetic,  magnetotransport  and 
stmctural  properties  of  Co/Cu/NiFe/FeMn  spin  valves.  The  results  were  obtained  by 
conventional  magnetometry  and  transport  measurements  and  by  zero  field  ^^Co  NMR.  They 
were  interpreted  in  the  light  of  measurements  of  nonferromagnetic  interfacial  layers  on 
annealed  Cu/Co/Cu  stmctures  [10],  of  extensive  studies  of  annealed  NiFe/Cu/NiFe/FeMn 
spin  valves  [11-15]  and  of  a  recent  inve.stigation  of  non-annealed  Co/Cu/NiFe/FeMn  .spin 
valves  by  NMR  [16].  By  comparing  the  annealing  effect  on  Co/Cu/NiFe/FeMn  and 
NiFe/Cu/NiFe/FeMn  spin  valves,  we  .show  that  .stmctural  changes  within  the  Co  layer  and  at 
the  Co/Cu  interface  decrease  the  magnetore.sistive  properties  of  Co.  For  armealing 
temperatures  above  240°C,  we  note  an  increased  hardness  of  the  Co  layer  which  can  be 
related  to  grain  growth  with  fee  .stmeture  within  this  layer.  Since  no  extended  interdiffusion 
is  observed,  it  is  believed  that  deterioration  has  its  origin  in  morphological  and  stmctural 
changes,  accompanied  by  modifications  of  the  magnetic  properties,  in  particular  within  the 
Co  layer  and  at  the  Co/Cu  interface. 
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EXPERIMENTAL 

A  series  of  Ta  50A/Cu  30A/Co  VSA/Cu  22A/NiFe  SOA/FeMn  80A/Ta  50A  spin-valve 
structures  were  grown  on  StdOO)  wafers  during  the  same  deposition  rtm  in  a  computer 
controlled  DC  magnetron  sputtering  system  with  a  base  pressure  of  5.10'®  Torr  and  an  Ar 
plasma  pressure  of  3  mTorr.  The  films  have  a  columnar  structure  with  a  strong  <  1 1 1  > 
texture  and  an  average  gr^n  diameter  of  about  lOOA  [12].  Aimealing  was  carried  out  in  a 
high  vacuum  furnace  (10"'  Torr)  under  a  constant  magnetic  field  of  500  Oe  in  order  to 
maintain  the  pirmed  layer  constrained  by  exchange  anisotropy.  Consecutive  armealings  for 
6.5h  were  performed  at  four  temperatures  ;  240,  280,  320  and  360°C. 

Magnetization  loops  were  measured  using  a  commercial  B-H  looper  or  a  Vibrating 
Sample  Magnetometer.  Different  magnetic  and  transport  properties  were  monitored  at  room 
temperature  after  each  anneal  ;  magnetoresistance  (AR/R),  sheet  resistance  (Rq),  saturation 
magnetic  flux  (4^),  coercivity  (HJ,  coupling  field  (Hj)  and  exchange  bias  (H^.  AR/R  and 
Rq  were  mea.sured  with  standara  four  [Mint  probes  with  an  in-plane  field  apjmed  along  the 
easy  axis  defined  by  exchange  anisotropy  and  the  current  perpendicular  to  the  field.  Bulk  and 
interface  structure  as  well  as  magnetic  properties  of  the  Co  layer  were  investigated  by  zero 
field  NMR.  The  '’Co  .spectra  were  mea.sured  at  1.5°K  using  an  automat^  frequency¬ 
scanning  broadband  spectrometer  with  phase  coherent  detection.  The  rf  field  was  applied  in 
the  plane  of  the  layers,  perpendicular  to  the  easy  axis.  In  order  to  compare  absolute 
intensities,  all  spectra  were  normalized  to  the  total  surface  area  of  the  Co  resonance  peaks, 
which  represents  the  total  number  of  magnetic  Co  atoms. 


RESULTS  AND  DISCUSSION 

Figure  la  shows  the  magnetic  moment  versus  applied  field  for  an  as-deposited  .sample. 
The  curve  consists  of  two  well-separated  hy.steresis  loops.  The  loop  at  about  15  Oe 
corresponds  to  the  reversal  of  the  magnetization  of  the  Co  layer,  while  the  loop  shifted  by 
exchange  anisotropy  to  about  220  Oe  corresponds  to  the  reversal  of  the  pinned  NiFe  layer. 
The  values  of  the  different  magnetic  and  transport  properties  mea.sured  on  two  a,s-deposited 
samples  are  listed  in  Table  1. 

The  ^^Co  NMR  spectrum  of  an  a.s-deposited  sample  is  shown  in  Figure  2.  The 
spearum  can  be  separated  into  three  parts  :  a  main  line  at  215  MHz,  a  large  .shoulder  at 
higher  frequencies  and  a  set  of  lines  below  200  MHz.  These  different  features  respectively 
correspond  to  bulk  fee  Co,  bulk  hep  Co  and  Co  atoms  with  at  least  one  Cu  among  their 
nearest  neighbors.  In  particular,  the  satellite  line  at  165  MHz  which  corre.spond.s  to  Co  atoms 
with  three  Cu  neare.st  neighbors,  is  characteristic  of  perfect  <111  >  interfaces.  In  addition. 


Ta^le  I  -  Magnetic  and  transport  properties  of  two  a.s-deposited  (AD)  and  annealed  Si/Ta 
50A/CU  30A/Co  75A/Cu  22A/NiFe  50A/FeMn  80A/Ta  50A  ^in-valve  structures  : 
magnetoresistance  (AR/R),  sheet  resistance  (Rq),  saturation  magnetic  flux  M>j),  coercivity 
(H^,  coupling  field  (Hj)  and  exchange  bias  (H^^. 
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Fie.  I  -  Magnetization  curves  measured  witji  the  field  along  the  easy  axis  for  Si/Ta  50A/Cu 
3OA/C0  75A/CU  22A/NiFe  SOA/FeMn  80A/Ta  50A  spin-valve  structures  (a)  as-deposited 
and  after  sequential  annealing  up  to  (b)  280°C.  (c)  320®C  and  (d)  360°C. 


Frequency  (MHz) 


Fig.  2  -  NMR  spectra  of  the  Cu/Co/Cu/NiFe/FeMn  spin-vaive  structure  as-deposi^ 
(AD)  and  after  sequential  annealing.  The  label  AD*  refers  to  an  as-deposited  sample  studied 
previously  [16].  Spectra  are  normalized  to  the  peak  surface  area  and  the  magnification 
factor  of  the  low  frequency  side  is  33. 
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we  reported  the  presence  of  a  contribution  between  200  and  210  MHz  which  we  showed  to 
originate  from  Co  atoms  located  at  the  grain  boundaries  of  the  columnar  grains  [16]. 
Whereas  the  spectra  obtained  for  the  as-deposited  samples  of  the  present  batch  are 
superimposed,  slight  differences  can  be  noted  when  compared  to  similar  samples  studied  in 
our  previous  work  [16].  This  is  illustrated  in  Figure  2.  TTie  overall  number  of  Co  atoms  at 
the  interface  is  lower  and  the  three-Cu  nearest  neighbor  contribution  is  smaller  for  the 
pre.sent  samples.  Whereas  the  Co/Cu  interfaces  of  the  previous  .samples  were  composed  of  a 
small  number  of  wide  islands  with  perfect  interfaces  separated  by  slightly  intermixed 
regions,  the  present  .samples  have  fewer  and/or  smaller  flat  areas  but  also  lower 
compositional  intermixing  in  between. 

Apart  from  a  slight  deci<,S:*  of  the  coercivity  of  the  Co  layer,  magnetic  measurements 
did  not  show  significant  changes  after  annealing  at  240®C.  Magnetoresistance  however 
decreased  by  about  20%  althou^  the  sheet  resistance  increased  only  by  about  3%  (Table  I). 
This  small  variation  in  Rq  cannot  solely  account  for  the  drop  in  AR/R.  As  pointed  out  in 
previous  studies  on  the  armealing  of  NiFe/Cu/NiFe/FeMn  spin-valves  [12-14],  this  drop  is 
due  to  the  presence  of  high  resistivity,  non-magnetic,  Cu-rich  intermixed  layers  at  the 
NiFe/Cu  interfaces.  Spin  independent  scattering  within  these  layers  indeed  decreases  the 
flow  of  polarized  electrons  exchanged  between  the  two  ferromagnetic  layers.  Magnetic 
measurements  showed  that,  the  thicloiess  of  the  non-magnetic  layer  per  NiFe/Cu  interface 
increases  ft^m  2.0  to  4.0A  after  armealing  at  240‘’C  [12].  The  drop  of  AR/R  for  a  NiFe 
75A/Cu  22A/NiFe  SOA/FeMn  1  lOA  spin  valve  in  these  conditions  is  about  20%  as  well. 
Measurements  on  Cu/Co/Cu  structures  .showed  that  the  non-magnetic  layer  thickness  per 
Co/Cu  interface  is  l.oA  and  increa.ses  only  slightly  after  armealing  at  240°C.  Since  the  same 
drop  of  AR/R  is  observed  for  Co/Cu/NiFe/FeMn  and  NiFe/Cu/NiFe/FeMn  spin  valves 
although  in  the  former  ca.se  no  re.sistivity  change  is  expected  at  the  Co/Cu  interface,  we 
conclude  that  armealing  lowers  the  intrinsic  magnetoresistive  properties  of  Co.  The  NMR 
spectrum  after  armealing  at  240°C  shows  a  lower  intensity  in  the  range  160-190  MHz, 
corresponding  to  Co  atoms  surrounded  by  three  Cu  nearest  neighbors  at  most  (Fig.  2),  This  is 
explained  by  an  interface  smoothening  due  to  thermally  activated  local  atomic 
rearrangement.  On  the  other  hand,  magnetic  measurements  show  a  slight  increa.se  of  the 
thickness  of  the  nonmagnetic  layer.  A  possible  explanation  would  be  that  some  Co  atoms 
remain  in  the  Cu  layer.  Due  to  an  inctea.sed  number  of  Cu  neighbors,  their  magnetic  moment 
and  their  Curie  temperature  are  then  lowered  as  pointed  out  by  Schneider  et  al.  [17].  At 
1.5®K,  their  NMR  spectral  contribution  would  be  .shifted  toward  and  spread  over  the  lower 
frequency  range.  At  RT,  nonmagnetic  layer  thickness  mea.surements  would  be  the  result  of 
an  approximate  balance  between  lower  interface  roughness  and  slight  diffu.sion  into  the  Cu 
layer.  Finally  we  believe  that  the  decrease  of  the  magnetoresistive  properties  of  Co  after 
armealing  is  related  to  the  modification  of  hie  Co/Cu  interface  structure  since  no  other 
magnetic  or  morphological  changes  were  observed.  This  relation  can  be  explained  by  the 
interfacial  SDS  properties  of  Co  [18]. 

After  subsequent  armealing  at  280®C,  the  hysteresis  exhibits  noticeable  changes 
although  the  loops  corresponding  to  the  free  and  to  the  pinned  layer  are  still  separated 
(Fig. lb).  On  one  hand  the  exchange  anisotropy  field  of  the  NiFe  layer  decrea.ses  to  about 
160  Oe.  On  the  other  hand  the  loop  of  the  free  Co  layer  shifts  to  about  39  Oe  together  with  a 
strong  drop  of  coercivity  and  lower  coercivity  squareness  (Table  1).  After  the  same  thermal 
treatment,  magnetic  measurements  show  that  the  thickness  of  the  magnetically  inactive  layer 
increases  from  4.0  to  5.0A  per  NiFe/Cu  interface  in  the  case  of  NiFe/Cu/NiFe/FeMn  spin 
valves  [13]  and  from  1.6  to  2.oA  per  Co/Cu  interface  in  the  case  of  Cu/Co/Cu  structures. 
Considering  these  low  thickness  variations,  we  believe  that  the  origin  of  the  coupling  field 
increase  is  not  a  thickness  decrease  of  the  Cu  layer  due  to  interdiffusion.  This  coupling  field 
behavior  could  be  related  to  the  deterioration  of  the  anisotropy  exchange  field.  Figure  3 
represents  the  frequency  dependence  of  the  NMR  signal  on  the  optimum  rf  field  strength. 
This  quantity  is  proportional  to  the  local  magnetic  moment  stiffness.  First  we  note  that  the 
hardness  of  the  Co  layer  increa.sed  after  the  280®C  aimeal,  in  agreement  with  the  RT 
magnetic  measurements.  Furthermore,  the  feature  at  about  210  MHz  fades  due  to  an 
increased  stiffne.ss  of  the  Co  atoms  at  the  grain  boundaries.  Grain  boundary  and  interface  Co 
atoms  have  now  almost  comparable  magnetic  moment  stiffness.  Figure  4  is  a  topographic 
view  of  the  spin  echo  intensity  versus  resonance  frequency  and  optimum  rf  field  .strength.  As 
indicated  by  arrow  1,  the  spiral  region  corre^nding  to  grain  boundaries  atoms  (200-215 
MHz)  shows  lower  intensity.  The  smaller  amount  of  Co  atoms  at  the  grain  boundaries  can  be 


293 


explained  by  grain  growth  within  the  Co  layer.  Moreover  we  note  an  increase  of  intensity 
around  215  MHz  at  high  rf  field  strength  (arrow  2).  This  effect  is  related  to  grain  growth  as 
well.  As  the  size  of  the  grains  increases,  the  number  of  bulk  Co  atoms  increases  and  the  core 
of  the  grains  becomes  magnetically  harder.  Also  this  intensity  increase  only  concerns  Co 
atoms  in  an  fee  environment.  This  observation  is  confirmed  the  fcc/hcp  ratio  which 
increases  from  about  1.0  before  annealing  to  1.5  after  annealing  at  280°C.  These  different 
structural  changes  in  the  bulk  of  the  Co  layer  coincide  with  strong  modifications  of  the 
magnetic  properties  of  the  spin  valve  whereas  only  slight  changes  are  observed  at  the  Co/Cu 
interface. 

After  armealing  at  320°C,  we  observe  a  general  breakdown  of  the  magnetic  and 
magnetoresistive  properties  of  the  spin  valve  structure.  Hysteresis  (Fig.lc)  now  only  consists 
in  one  single  loop  centered  at  about  60  Oe  with  a  coercivity  of  about  16  Oe.  As  a 
consequence  of  the  inability  to  rotate  separately  the  magnetizations  of  the  Co  and  the  NiFe 
layers,  the  magnetoresistance  strongly  dropped  from  2.47  to  0.65%.  The  sheet  resistance 
increa^  by  atout  20%,  mainly  due  to  the  growth  of  the  high  re.si.stivity  intermixed  layer  at 
the  NiFe/Cu  interface.  Indeed,  in  the  .same  annealing  condjtions,  the  nonmagnetic  layer 
thickness  is  8.3A  for  the  NiFe/Cu  interface  [13]  and  only  2.4A  for  the  Co/Cu  interface.  The 
changes  observed  by  NMR  consist  in  a  continuing  development  of  the  phenomena  described 
for  the  280°C  armeal  (Fig.3  and  4).  The  main  characteristics  are  a  further  increa.se  of  the 
hardness  of  the  Co  layer,  a  further  and  stronger  grain  growth  and  a  still  increa.sing  amount  of 
bulk  fee  Co.  The  measured  fcc/hcp  ratio  is  now  about  1 .9.  In  addition  we  observed  a  small 

peak  in  the  intensity  versus  fluency  spectrum  at  about  290  MHz.  From  reference  data  . 

charts  of  NMR  shifts  in  metallic  alloys  [19],  this  resonance  line  is  likely  to  arise  from  Mn  in  j 

NiFe  (  =  320  MHz)  rather  than  from  Co.  Further  experiments  are  however  needed  to  clarify  j 

this  point.  ! 

The  final  anneal  at  360°C  again  led  to  deep  changes  of  the  magnetic  properties  | 

(Fig.  Id)  and  to  a  definitive  drop  of  AR/R  to  a  near  zero  value.  The  single  hysteresis  loop, 

centered  at  about  40  Oe,  presents  now  a  very  large  coercivity  of  about  230  Oe.  A  further  ' 
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Fig.  3  (left)  -  Optimum  rf  field  strength  (i  e  local 
magnetic  moment  stiffness)  versus  resonance 
frequency  for  the  Cu/Co/Cu/NiFe/FeMn  spin-valve 
structure  (a)  as-deposited  and  after  sequential 
annealing  up  to  (b)  280°C  and  (c)  320°C, 

Fig  4  (below)  -  Topographic  view  of  the  spin  echo 
intensity  versus  resonance  frequency  and  optimum  rf 
field  strength  for  the  Cu/Co/Cu/NiFe/FeMn  spin- 
valve  structure  (a)  as-deposited  and  after  sequential 
annealing  up  to  (b)  280°C  and  (c)  320°C  Airow  1 
and  2  as  explained  in  the  text 
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Strong  increase  of  the  hardness  of  the  Co  layer  is  observed  by  NMR  too.  The  additional  peak 
at  2%  MHz  still  increases,  which  confirms  that  it  originates  from  some  diffusion 
phenomenon  between  the  sandwich  layers.  The  fcc/hcp  ratio  increases  to  a  value  of  2.3  : 
about  70%  of  the  Co  atoms  are  now  in  a  bulk  fee  Co  environment.  Since  low  temperature 
annealing  is  expected  to  favor  the  growth  of  the  stable  hep  phase,  we  believe  that  the  top  part 
of  the  Co  layer,  which  is  more  hep-like  [17],  transforms  into  fee  Co  during  armealing  due  to 
the  influence  cf  the  overlying  Cu  layer,  in  a  similar  way  the  underlying  Cu  layer  determines 
the  initial  growth  of  fee  Co  during  deposition. 


CONCLUSIONS 

We  have  shown  that  annealing  leads  to  a  decrease  of  the  magnetoresistive  properties  of 
Co  which  can  be  explained  by  structural  changes  at  the  Co/Cu  interface  aitd  in  the  bulk  of 
the  Co  layer.  Since  no  extended  interdiffusion  is  observed,  the  deterioration  of  the 
magnetoresistive  properties  of  the  spin  valve  is  believed  to  originate  from  morphological  and 
structural  changes,  in  particular  within  the  Co  layer  and  at  the  Co/Cu  interface.  Whether 
similar  effects  occur  in  the  NiFe  or  in  the  FeMn  layer  is  not  known.  These  changes  are 
accompanied  by  modifications  of  the  magnetic  properties.  For  annealing  temperatures  above 
240°C.  the  hardness  of  the  Co  layer  increases  as  a  result  of  grain  growth  within  this  layer 
together  with  a  strong  increa.se  of  the  amount  of  fee  Co.  This  can  be  explained  by  a 
combined  effect  of  the  two  adjacent  Cu  layer  which  favors  the  growth  of  the  fee  .structure 
during  armealing  to  the  detriment  of  hep  Co. 
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ABSTRACT 

We  discuss  shortly  some  problems  that  have  been  met  in  recent  systematic 
calculations  of  the  magnetic  anisotropy  energy  (  MAE  )  performed  by  the 
present  authors  as  well  as  in  studies  of  other  investigators  As  an  example 
we  present  MAE  for  ferromagnetic  (001)  bilayers  with  antiferromagnetic  inter¬ 
plane  coupling  and  for  an  antiferromagnetic  (001)  monolayer  It  appears  that 
antiferromagnetism  can  invoke  specific  effects  and  under  certain  conditions, 
both  MAE  and  magnetic  orbital  moment  are  strongly  enhanced 

Due  to  the  symmetry  lowering  at  transition  metal  surfaces  and  in  films,  the 
magnetic  (magnetocrystalline)  anisotropy  energy  (MAE)  is  enhanced  with  res¬ 
pect  to  its  bulk  value.  It  is,  nevertheless,  small  enou:;h  (  10  '  -  10  ^eV  )  to  make 
its  evaluation  difficult  Recently,  the  present  authors  completed  an  extensive 
semi-empirical  study  ' '  of  MAE  in  transition  metal  mono-  and  bilayers, 
respectively.  Into  the  common  tight-binding  d-band  Hamiltonian  for  magnetic 
films  the  spin-orbit  coupling  (SOC)  operator  was  introduced  to  account  (or  the 
magnetic  anisotropy  and  the  relevant  quantities  were  evaluated  by  using  the 
recursion  method.  The  model  parameters  were  fitted  to  reproduce  the  data  for 
the  iron  overlayer  at  the  Au(OOI)  surface  (targe  exchange  splitting  case)  or  for 
the  free-standing  Ni(OOI)  monolayer  (small  exchange  splitting)  With  the  above 
parameters,  MAE  has  been  calculated  (or  a  number  thin  films  as  a  function  of 
the  d-electron  occupation  .  Simultaneously  a  formal  analysis  of  the 
Hamiltonian  moments  m^^TrH"  has  been  performed.  By  using  a 
mathematical  theorem  we  have  shown  that  MAE  changes  its  sign  four-times 
at  least  as  Af,  varies  from  0  to  10.  It  appears,  however,  that  a  number  of 
oscillatory  features  are  imposed  on  the  MAE  curve  that  in  some  cases  mask 
completely  the  "canonical"  form  suggested  by  the  moment  analysis. 

Presently,  there  are  strong  indications  '  “  showing  that  the  irregular 
features  on  the  MAE  curve  originate  from  the  energy-band  crossings  at  the 
Fermi  level  E,  removed  by  the  SOC  According  to  ref  4  such  contributions  to 
MAE  are  of  order  ^  •  A  where  i  is  the  SOC  parameter  and  A  is  the  area  in  the 
2-dim  Brillouin  zone  where  the  quasidegenerate  perturbation  theory  is  valid 
Since  for  the  band  crossing  in  an  isolated  point  generally  A  ~  the  authors 
of  ref.  4  conclude  that  the  contribution  is  small  in  comparison  with  the  2nd 
order  perturbation  theory  terms  and  the  irregular  features  come  from 
numerical  errors.  Let  us  stress,  nevertheless,  that  our  calculations  are  free 
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from  the  possible  sources  (special 
integration  grid  and  £,  independent 
of  s  )  of  numerical  inaccuracy  listed 
in  ref  4.  Actually,  for  ^  -  0  the 
bands  of  different  symmetry  cross 
also  along  numerous  curves  at 
the  energy  extrema  on  these  curves 
we  easily  get  the  guess  A  ^  ^ 

which  makes  the  above  criticism 
less  clear.  Generally,  the  problem 
does  not  seem  to  be  fully 
understood:  it  is  interesting  that  a 
model  substrate  which  breaks  the 
symmetry  and  reduces  essentially 
the  number  of  band  crossings  has 
a  smoothening  effect  on  the  MAE 
curve  ^ 

Apart  from  these  complex  ques¬ 
tions  some  MAE  features  seem  to 
admit  a  more  straigthforward 
interpretation  In  this  short  study  we 
discuss  some  simple  trends  in 
systems  with  anti-ferromagnetic 
(AF)  coupling  which  have  not  been 
paid  sufficient  attention  in  our 
previous  papers  Let  us  first 
consider  MAE  for  (he  ferromagnetic 
free-standing  (001)  monolayer  in  the 
large  exchange  splitting  regime  and 
let  us  compare  it  with  the  results  for 
free-standing  (001)  bilayers  with  the 
fee  and  bcc  geometry,  respectively 
(Fig  1)  The  bilayers  consist  of  two 
ferromagnetic  planes  coupled  anti- 
ferromagnetically  At  the  first  sight 
there  is  a  striking  similarity  between 
the  three  curves  presented  The 
explanation  is  simple:  due  to  a 
considerable  energetical  separation 
between  parallel  spin  bands  in  the 
two  planes  (AF  arrangement)  the 
layers  behave  roughly  like  isolated 
ones.  We  find  even  a  quantitative 
accord  between  the  monolayer  and 
fee  bilayer  gross  MAE  features, 
whereas  the  fine  irregular  structure 
is  more  sensitive  to  the  geometry 
change  as  it  is  expected  from  the 
previous  discussion  We  observe  a 
similar  effect  when  the  (111) 


Figure  1 

Magnetic  anisotropy  energy  (  MAE  ) 
per  atom  (  meV  )  versus  the  d-band  filling 
in  the  large  exchange  splitting  regime 
for: 

(a)  (001)  monolayer 

(b)  fee -like  (001)  oilayer 

(c)  bcc-like  (001)  bilayer 

Negative  values  correspond  to  favorable 
perpendicular  direction  of  the 
magnetization 
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monolayer  and  fee  bilayer  are  eompared  In  fhis  ease,  however  the  situation 
is  more  obseured  by  the  presenee  of  oscillations 


Figure  2: 

Magnetic  anisotropy  energy  (  MAE  )  per  atom  (  meV  )  versus  the  d-band 
filling  tor  (001)  monolayer  supposing  anti-ferromagnetic  in-plane  order. 
Negative  values  correspond  to  favorable  perpendicular  direction  of  the 
magnetization:. 

(a)  in  the  large  exchange  splitting  regime 

(b)  in  the  small  exchange  splitting  regime 
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d  Band  filling 

Figure  3: 

Magnetic  orbital  moment  ( in  Bohr  magnetons  )  versus  the  d-band  filling  for 
(001)  monolayer  supposing  anti-ferromagnetic  in-plane  order.  Full  (  dashed) 
line  corresponds  to  perpendicular  (  in-plane  )  component  parallel  to  the 
magnetization: 

(a)  in  the  large  exchange  splitting  regime 

(b)  in  the  small  exchange  splitting  regime 


For  the  bcc  (001)  bilayer,  the  amplitude  of  the  MAE  curve  is  bigger;  the 
reason  is  that  now  we  treat  the  in-plane  nearest  neighbors  as  2nd  nearest 
neighbors  in  the  bulk  and  hence,  the  in-plane  hopping  integrals  are  reduced 
twice.  The  doubling  of  the  magnitude  of  gross  features  follows  immediately 
from  the  2nd  order  perturbation  theory  arguments  *  however,  the  oscillating 
features  do  not  conform  with  this  picture.  Let  us  note  that  a  similar  "free¬ 
standing  layer"  behavior  can  be  anticipated  also  for  thicker  films  with 
interlayer  AF  coupling  supposing  that  the  exchange  splitting  (or 
magnetization)  is  sufficiently  large. 


301 


As  another  example  let  us  study  the  free-standing  (001)  monolayer  with  an 
AF  arrangement  of  spins  forming  the  c(2x2)  structure  which  might  have  been 
observed  experimentally  “  for  Cr/Ag(001)  recently  and  which  has  been 
predicted  theoretically  for  some  transition  metals  on  noble  metal  To  this 
goal  let  us  glance  once  more  on  the  result  for  the  ferromagnetic  (001) 
monolayer  (Fig.  la)  An  outstanding  feature  on  the  MAE  curve  are  the  peaks 
pointing  to  the  preferred  in-plane  magnetization  in  the  middle  of  the  majority 
(  A/a  ~  2.5)  and  minority  (  Na  ~~  7  5)  spin  bands,  respectively.  These  features  can 
be  related  to  the  XY-orbital  peak  in  the  local  density  of  electronic  states  in  the 
centre  of  the  d-band:  the  hybridization  of  these  states  with  (XZ,YZ)  states  with 
the  same  spin  orientation  via  SOC  explains  the  MAE  sign  '  (To  avoid  a 
confusion,  let  us  note  the  this  mechanism  need  not  be  operative  when  the 
coupling  with  e,  states  is  effective,  e  g  due  to  large  crystal-field  splitting  or  for 
another  geometry)  Unlike  in  ferromagnetic  materials,  there  is  no  separation 
between  opposite  spin  bands  in  AF  structures:  instead  of  it,  the  bands  split  at 
the  boundary  of  the  new  Brillouine  zone.  The  splittings  occur  mainly  in  the 
d-band  central  part  For  small  exchange  splitting  the  XY-peak  lies  at  /Va  ~  5 
and  is  split  into  two  parts  We  see  the  corresponding  effect  on  the  MAE  curve 
(Fig.  2b)  When  the  exchange  splitting  is  large,  the  separation  of  the  two  peaks 
the  MAE  curve  grows  as  well  as  their  width  does  (Fig.  2a)  Note  that  the 
la.  case  is  especially  unfavorable  for  the  perpendicular  magnetic 
anisctropy. 

The  fact  that  for  the  AF  c(2x2)  structure  the  magnitude  of  MAE  can  be  rather 
large  and  increases  with  the  growing  exchange  splitting  is  caused  by  the 
energetical  separation  between  parallel  spin  states  at  neighboring  atoms 
which  reduces  the  intensity  of  inferactions  and  leads  to  the  band  narrowing 
In  this  situation  SOC  becomes  more  important  (cf.  small  denominators  in  the 
2nd  order  perturbation  theory).  Let  us  remark  that  in  systems  where  a  large 
MAE  is  possible,  the  projection  of  the  orbital  moment  on  the  spin  direction  can. 
as  a  rule,  attain  considerable  values  (cf.  refs.  1,2.5  )  For  the  AF  c(2x2) 
monolayers  we  obtain  extremal  values  of  the  orbital  moment  as  large  as  about 
0  6//e  and  2.3//b  for  the  small  and  large  exchange  splitting,  respectively  (  Fig 
3  ).  The  orbital  moment  contribution  ehhances/quenches  the  local  magnetic 
moment  when  the  d-band  is  more/less  than  half-filled 

In  conclusion,  we  have  found  that  in  AF  superstructures  specific  effects  can 
take  place  including  large  enhancement  of  MAE  or  magnetic  orbital  moment 
One  can  speculate  that  analogous  effects  could  occur  also  for  appropriate 
magnetic  alloy  surfaces  and  films 
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ABSTRACT 

The  ground  state  spin  configuration  of  antiferromagnetically  coupled  ferromagnetic  thin 
films  is  determined  by  competition  between  anisotropies,  interlayer  exchange  and  the  applied 
magnetic  field.  It  is  shown  that  many  details  of  a  ground  state  spin  configuration  can  be 
obtained  by  studying  the  behavior  of  the  spin  wave  frequencies  as  functions  of  propagation 
direction  and  applied  field  strength.  A  sensitive  dependence  on  the  relative  film  thicknesses  is 
found  for  small  applied  field  strengths. 

I.  INTRODUCTION 

Recent  theoretical  and  experimental  smdies  have  examined  some  of  the  unusual  ground 
state  spin  configurations  possible  in  antiferromagnetically  coupled  bilayer  structures  with 
strong  unia.xial  and  four-fold  anisotropies  [1-5].  The  present  work  is  motivated  by 
magnetometry  measurements  and  Brillouin  light  scattering  results  which  clearly  indicate  a 
series  of  transitions  between  various  spin  configurations  [4,5].  Knowledge  of  the  exact 
ground  state  spin  configuration  is  important  not  only  to  measuring  the  nature  and  strength  of 
the  antiferromagnetic  coupling  mechanism  and  anisotropies  of  thin  film  structures,  but  also  for 
understanding  phenomena  that  depend  on  the  relative  orientation  of  spins  in  neighboring 
films.  This  is  especially  important  for  the  giant  magnetoresistance  effect  which  depends  on 
the  antiparallel  alignment  of  ferromagnetic  films  in  a  multilayer  and  is  therefore  sensitive  to  the 
ground  state  spin  configuration. 

’'I  this  paper  a  theory  for  the  lowest  energy  spin  wave  excitations  in  antiferromagnetically 
coupled  bilayers  is  presented.  The  spin  wave  frequencies  are  studied  for  equilibrium 
configurations  of  the  magnetizations  determined  by  four-fold  anisotropies  with  arbitrary 
orientations  of  an  externally  applied  static  in-plane  magnetic  field.  The  aim  is  to  provide  a 
framework  for  describing  results  from  resonance  and  Brillouin  light  scattering  experiments.  It 
is  shown  that  the  spm  v,  tve  firequencies  arc  strongly  nonreciprocal  (a)(q)5‘Q)(-q))  in  cenain 
spin  configurations. 

II.  THEORY 

The  geometry  of  the  two  layer  system  is  shown  in  Fig.  i  for  an  arbitrary  angle  between 
the  equilibrium  directions  of  the  magnetizations  of  the  films.  The  thickness  of  the  films  are  dj 
and  d2  and  they  are  separated  by  a  distance  s.  An  applied  magnetic  field  is  placed  along 
the  z  direction.  A  wavevector  q  is  defined  which  makes  an  angle  0  with  the  z  axis  and  lies  in 
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the  xz  plane.  The  frequencies  of  traveling  waves  will  in  general  depend  on  the  magnitude  and 
direction  of  the  wavevector  q  because  of  both  exchange  and  dipolar  interactions.  Ail  fields 
and  magnetizations  are  treated  as  continuously  varying  functions  of  position.  The 
magnetizations  are  separated  into  a  stalk  pan  whose  orientabon  is  specified  by  a  and  a  small 
dynamic  part  m. 

The  equilibrium  direction  of  the 
magnetization  in  each  film  depends  on 
the  strength  of  the  applied  magnetic 
field,  the  antiferromagnetic  coupling 
as  well  as  the  anisotropy  energies 
present  in  the  material.  In  general  the 
canting  angles  a  [  and  a2  are  not  the 
same  for  arbitrary  orientations  of  the 
applied  field  relative  to  the  easy 
anisotropy  axes.  A  four-fold 
anisotropy  energy  K  is  assumed  with 
one  easy  axis  an  angle  0  away  from 
the  field  direction  and  another  easy 
axis  normal  to  the  film  plane.  The 
magnetization  is  assumed  to  lie  in  the 
film  plane.  The  total  energy  of  the 
two  layer  system  is: 

E='j[sin^(2(0  +  ai))+sin^(2(e-a2))]-HoMs(cosai  +cosa2)+X.M5  005(01  +  02) 

(1) 

Here  X  is  a  constant  that  measures  the  strength  of  the  interlayer  exchange.  The  direction  of  the 
equilibrium  magnetization  can  be  found  by  minimizing  E  with  respect  to  Oj  and  02.  This  can 
be  done  using  simple  numerical  techniques. 

Spin  wave  frequencies  are  calculated  from  the  Bloch  equations  of  motion.  For  the 
magnetization  in  film  1,  these  are: 


“4 


Figure  1.  Geometry  for  the  bilayer. 


lM,=YM,y(iH„-+D„V^iTi,-Km,-K„-h^^) 

The  various  terms  are  as  follows:  is  the  applied  magnetic  field,  Dg^  is  a  measure  of  the 

strength  of  the  exchange  interaction  within  the  film  and  hjjjp  are  the  dipolar  fields  acting  on  the 
magnetization  of  film  1.  K  is  a  matrix  containing  anisotropy  terms  such  that  Km|  are  the 
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effective  dynamic  anisotropy  fields  acting  on  the  magnetization  of  film  land  Kj  is  the  static 
anisotropy  field  acting  on  the  magnetizadon  of  film  1  (for  the  case  where  the  magnedzation 
does  not  lie  in  a  direction  of  symmetry).  Similar  expressions  can  also  be  written  for  M2. 

Electromagnedc  theory  can  be  used  to  relate  h^j^p  to  inj  and  m-j.  Since  the  system  has 
transladonal  invariance  in  the  x  and  z  direcdons,  Fourier  transforms  can  be  used  to  eliminate  x 
and  z  dependencies  in  all  the  fields  and  magnetizations.  The  goal  is  then  to  have  an  expression 
which  gives  h^^p  acting  on  a  plane  at  position  y  due  to  the  magnedzation  in  a  plane  at  posidon 
y ’.  A  functional  relationship  is  then  sought  of  the  form: 

t'dip(q.y)=J‘lyg(q.y-y')m(q.y') 

The  wavevector  q  lies  in  the  xz  plane.  The  Maxwell  equadons  can  be  used  to  obtain  g  [6]. 
This  integral  representadon  of  h^jp  gives  the  Fourier  transform  of  the  dipolar  field  at  a  plane 
located  at  y  due  to  a  spin  wave  travelling  with  wavevector  q  in  a  plane  located  at  y’. 

When  Eq.  (3)  is  used  in  the  equadons  of  motion  one  obtains  after  linearization  a  set  of 
integral  equadons  involving  m[  and  m2.  All  of  these  equadons  are  coupled  and  must  be 
solved  for  03.  This  is  in  fact  a  difficult  task  for  thick  ferromagnedc  films  but  can  be  done 
relatively  simply  for  the  lowest  energy  modes  of  coupled  systems  of  very  thin  ferromagnetic 
films.  The  reason  is  that  the  lowest  energy  mode  of  a  thin  film  is  the  uniform  mode  where  the 
time  varying  magnetization  is  essentially  constant  across  the  thickness  of  the  film.  "iTiis  in 
turn  allows  one  to  average  the  dipolar  fields  over  the  thicknesses  of  the  films  and  simplifies 
the  calculation  considerably  [7]. 

In  order  to  perform  this  averaging  process,  the  effective  fields  are  integrated  over  y.  Each 
of  the  integrals  can  be  evaluated  as  follows.  Since  the  magnedzation  is  assumed  not  to  vary 
across  the  thickness  of  a  film,  mj  and  m2  may  be  taken  outside  the  integrals.  The  resulting 
surface  terms  are  evaluated  using  the  Hoffmann  boundary  conditions  in  the  limit  of  small  qd. 

The  resulting  set  of  six  coupled  equations  can  be  put  in  the  form  of  an  eigenvalue  equation 
which  can  be  solved  for  the  eigenvalues  o)  and  eigenvectors  mj  and  m2.  The  solutions  can 
be  found  numerically  or  in  some  special  cases  simple  analytical  forms  can  be  derived.  In 
general  there  will  be  two  modes:  One  due  to  an  in-phase  precession  of  mj  and  m2  and  one 
due  to  out-of-phase  precession  of  mj  and  m2.  These  modes  arc  referred  to  as  acoustic  and 
optic,  respectively. 

It  assumed  for  the  moment  that  dj=d2-  In  the  case  of  propagation  perpendicular  to  field 
direction,  the  acoustic  mode  frequency  is  (to  first  order  in  qd): 

coi^=  Y^Ho(Ho+4nMsCosa)-i-  y^— (4)tMs)^qd(l-bc“‘l*)cos^a 

2  '  (4) 

The  anisotropy  is  set  to  zero  in  this  example.  The  canting  angle 
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a  is  then  simply  cos  a  =  /  (2  X  ).  When  a=0  and  s=0,  Eq.  (4)  gives  the  frequency  of  the 

Damon-Eshbach  surface  mode  on  a  thin  ferromagnetic  film  of  thickness  2d, 


III.  RESULTS 

A  great  deal  of  information  about  the  spin  configurations  can  be  obtained  by  studying  spin 
wave  frequencies  for  different  directions  of  propagation.  The  dependence  of  the  frequencies 
on  propagation  angle  0  is  shown  in  Fig.  2  for  a  case  where  the  applied  field  is  aligned  along 
an  easy  axis  (6=0).  The  parameters  are  2K/M5  =  580  G,  Hg^=-150  G,  4nM5=19  kO 
d]=d2=38A  and  q=.006  cm'*.  The  applied  field  is  Hq=1CX)  G  and  the  magnetizations  are 
canted  symmetrically  about  the  field  direction  (i.e.  aj=a2). 


Figure  2.  Frequencies  as  functions  of 
propagation  direction.  The  field  is  along 
an  easy  direction. 


Figure  3.  Frequencies  as  luncuons  of 
propagation  direction.  The  field  is  5  ° 
from  a  hard  direction. 


The  frequencies  as  functions  of  0  are  shown  in  Fig.  3  with  the  field  aligned  5°  from  a 
hard  axis.  The  field  is  again  100  G  but  now  aj^a2  so  that  there  is  a  small  net  magnetization 
in  a  direction  40°  from  the  applied  field.  Note  that  to(q);«co(-q)  for  propagation  perpendicular 
to  the  field  direction  (0=90°  and  270°).  This  nonteciprocal  behavior  can  be  understood  from 
symmetry  considerations. 

This  nonreciprocity  of  the  frequency  between  +q  and  -q  should  be  of  interest  for  Brillouin 
light  scattering.  Nonreciprocity  occurs  in  two  cases:  (1)  For  propagation  in  the  direction  of 
the  applied  field  for  canting  angles  a>0:  and  (2)  when  the  the  canting  angles  of  the  two  films 
are  different  such  that  the  vector  sum  of  the  static  magnetizations  has  a  component 
perpendicular  to  the  field  direction.  This  means  that  the  nonreciprocal  behavior  of  the  spin 
wave  ftequettcies  can  be  used  to  provide  information  on  the  direction  of  the  average  static 
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magnetization  of  the  two  film  system. 

Another  way  of  understanding  the  dependence  of  to  on  is  to  view  the  dipolar  interaction 
as  similar  to  a  q  dependent  anisotropy.  A  sytiunetry  axis  of  the  dipolar  “anisotropy”  fields  is 
the  direction  of  the  net  magnetizadon. 

There  is  a  surprising  dependence  on  relative  film  thicicnesses  for  bilayers  constructed  ftom 
very  thin  film  ferromagnets.  The  reason  is  that  a  slight  difference  of  thickness  results  in  a 
different  net  magnedc  moment  for  each  film.  This  leads  to  a  unique  spin  configuradon  in 
small  applied  fields  where  the  larger  magnedc  moment  is  nearly  aligned  along  the  field 
direction  and  the  smaller  magnedc  moment  is  nearly  aligned  anti-parallel  to  the  field  direction. 

This  is  illustrated  in  Fig.  4  where  the  average  magnetization  in  the  field  direction  is  shown 
as  a  function  of  field  strength  for  the  case  of  (a)  equal  film  thicknesses  and  (b)  a  1%  difference 
between  film  thicknesses.  In  Fig.  4(a)  a  1=02  magnetization  is  always  symmetrically 

canted  away  from  the  field  for  small  fields.  The  magnetizations  jump  into  the  field  direction  at 
about  250  G. 


H(kG) 


Figure  4.  Static  magnetization  in  the  field  direction  as  a  function  of  field.  In  (a)  the 
thicknesses  of  the  two  films  are  the  same.  In  (b)  the  thicknesses  differ  by  7%. 


In  Fig.  4(b)  however,  aj5ta2  for  fields  below  87  G  and  the  net  magnetization  is  nearly 
zero.  Between  87  G  and  250  G,  ctj=a2  again  and  the  magnetizations  are  symmetrically 
canted  away  from  the  applied  field.  Between  250  G  and  280  G,  the  larger  magnetization  is 
aligned  nearly  along  the  field  direction  while  the  smaller  magnetization  remains  canted  away 
from  the  field.  Above  280  G,  both  magnetizations  are  aligned  along  the  field. 

This  behavior  is  reflected  in  the  spin  wave  frequencies.  The  acoustic  mode  frequency  is 
shown  in  Fig.  5  as  a  function  of  applied  field  for  the  case  di^2  described  in  Fig.  4(b). 
Discontinuities  appear  at  87  G,  250  G  and  280  G,  corresponding  to  changing  spin 
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configurations  described  above.  Note  the  large  nonreciprocity  in  frequencies  for  ^  =±90°  at 
small  fields.  There  is  again  a  small  nonreciprocity  for  fields  between  250  G  and  280  G.  The 
nonreciprocity  is  larger  for  the  small  field  case  because  the  net  magnetization  is  nearly  90° 


from  the  field  direction  in  this  configuration. 

In  conclusion,  nonreciprocal 
properties  of  spin  waves  on  magnetic 
bilayers  are  very  sensitive  to  the  spin 
configuration  and  can  provide  a  great 
deal  of  information  on  the 
anisotropies  in  the  magnetic  films  and 
the  exchange  coupling  between  the 
films.  Even  slight  variations  in  layer 
thicknesses  can  lead  to  large  effects  in 
the  spin  wave  frequencies. 


0.0  0.1  0.2  0.3  0.4  0.5 


H  (kG) 

Figure  5.  Frequencies  as  functions  of 
field.  The  thicknesses  of  the  two  films 
differ  by  7%  as  in  Fig.  4(b), 
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ABSTRACT 

Epitaxial  Ni/Cu  (001)  films  grown  on  Si  (001)  by  Molecular  Beam 
Epitaxy  were  studied  in-situ  using  the  Surface  Magneto-optic  Kerr  Effect 
(SMOKE)  and  ex-situ  with  a  Vibrating  Sample  Magnetometer  (VSM) 
Perpendicular  magnetization  is  observed  for  Ni  thicknesses  15  A  <  h  <  60 
A  and  fully  in-plane  magnetization  for  h  >  70  A  when  the  films  are 
characterized  in-situ.  The  reversal  in  magnetic  anisotropy  observed  in- 
situ  at  60  A  shifts  to  125  A  when  the  films  aie  exposed  to  air,  100  A  Ni 
films  deposited  on  Cui-xNix  alloy  substrates  also  show  a  reversal  in 
magnetic  anisotropy  as  x  is  changed.  These  results  suggest  that  changes  in 
magnetic  anisotropy  correlate  with  misfit  strain  accommodation. 

INTRODUCTION 

Since  the  theoretical  predictions  of  Gay  and  Richter  [1],  considerable 
experimental  effort  has  been  focused  on  the  issue  of  perpendicular 
magnetic  anisotropy  in  ultrathin  ferromagnetic  films  grown  epitaxially  on 

non-magnetic  substrates.  The  systems  that  have  been  investigated  most 
extensively  are  Fe/Ag  (100)  [2-5]  and  Fe/Cu  (100)  [6-10].  For  Fe/Ag  (100) 
at  100  K,  the  magnetization  switches  from  perpendicular  to  in-plane  above 
2  monolayers  (ML)  of  Fe  [5].  In  the  case  of  Fe/Cu  (100)  the  switching 
behavior  has  been  observed  even  at  T=300  K  where  the  magnetization 
goes  from  perpendicular  to  in-plane  at  a  thickness  of  6  ML  [7]. 

The  change  in  magnetic  anisotropy  in  the  Ni/Cu  (100)  system  has 
received  less  attention  than  in  the  Fe/Cu  and  Fe/Ag  systems.  SMOKE 
measurements  [11]  at  T=100  K  indicate  that  the  easy  axis  of  magnetization 
lies  in  the  plane  of  the  film  for  Ni  thicknesses  up  to  3.1  ML  and  a 
preference  for  perpendicular  magnetization  is  observed  above  4.7  ML.  An 
interesting  reversal  in  magnetic  anisotropy  has  also  been  observed  in 

epitaxial  Cu/Ni/Cu  (100)  sandwiches  (Cu  thickness=1000  A)  deposited  on 
Si  (100)  and  characterized  ex-situ  by  VSM  [12].  The  magnetization  was 
found  to  lie  in  plane  for  Ni  thicknesses  h^OO  A  and  out-of-plar.e  for  h=50 
A  with  a  transition  thickness  h=100  A. 

In  the  present  paper,  we  report  on  the  behavior  of  magnetic 
anisotropy  in  epitaxial  Ni/Cu/Si  (100)  at  T=300  K  characterized  under  UHV 
conditions  by  SMOKE  and  in  air  by  VSM.  The  Ni  film  thicknesses  extend 
from  15  A  to  200  A.  We  also  present  preliminary  results  showing  the 

correlation  between  magnetic  anisotropy  changes  and  misfit  strain  in  the 
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magnetic  film.  With  lattice  parameters  of  3.52  A  and  3,61  A  for  Ni  and  Cu, 
respectively,  the  misfit  between  the  film  and  the  substrate  is  T)  =2.5  Or 
The  misfit  can  be  reduced  to  1.5  %  by  depositing  Ni  on  Cu|-xNix/Cu  alloy 
substrates,  where  x  is  varied  between  0  and  0.4  (above  x=0.6  bulk  Ni-Cu 
alloys  exhibit  a  ferromagnetic  order).  Even  though  the  importance  of 
strain  has  already  been  pointed  out  by  Chappiert  and  Bruno  [13],  very  few 
papers  establish  a  direct  connection  between  the  onset  of  misfit 
dislocations  [10]  or  misfit  strain  [14]  and  the  behavior  of  the  magnetic 
anisotropy. 

EXPERIMENTAL  PROCEDURE 

The  metal  films  were  deposited  on  Si  (100)  wafers  by  Molecular 
Beam  Epitaxy  (MBE).  The  base  pressure  of  the  chamber  was  5x10''*  Torr 
and  the  pressure  never  exceeded  1x10'®  Torr  during  deposition.  The  Si 
wafers  were  dipped  in  a  10  %  HF-deionized  water  solution  to  remove  the 
native  oxide  layer  but  were  not  heat  cleaned  in  UHV  before  growth.  The 
deposition  rates  for  Cu  and  Ni  were  3  A/s  and  0.5  A/s  respectively.  The 
thickness  of  the  Cu  layer  was  3000  A  in  the  Ni/Cu/Si  samples.  In  the 
Ni/Cui -xNix/Cu/Si  samples,  the  Cu  layer  thickness  was  1000  A  and  the 
alloy  layer  thickness  was  2000  A.  The  depositions  were  carried  out  at 
room  temperature.  The  crystallographic  quality  of  the  films  was  studied 
in-siiu  by  RHEED  and  ex-situ  by  X-ray  diffraction  and  TEM.  The  results 
indicate  that  the  films  are  epitaxial  and  grow  with  an  (001)  orientation. 
The  purity  of  the  films  was  studied  in -situ  by  Auger  electron 
spectroscopy. 

The  magnetic  properties  of  the  films  were  studied  in-situ  by  SMOKE. 
The  maximum  fields  that  can  be  applied  are  220  Oe  perpendicular  to  the 
film  and  650  Oe  in-plane.  The  light  source  is  a  polarized  10  mW  He-Ne 
laser.  The  laser  beam  makes  an  angle  of  45°  with  the  film  normal.  The 
intensity  of  the  laser  light  is  monitored  by  a  photodiode  which  is  connected 
to  the  data  acquisition  system  through  a  lock-in  amplifier.  Finally,  the 
samples  were  removed  from  the  MBE  chamber  and  studied  again  with  a 
VSM.  All  magnetic  characterizations  were  done  at  room  temperature. 

RESULTS 

The  longitudinal  and  polar  M-H  loops  for  150  A,  35  A  and  15  A 
Ni/Cu/Si  measured  by  SMOKE  are  shown  in  Figs.  1-3  respectively.  The  M- 
H  loops  measured  in-situ  for  100  A  Ni/Cu/Si  and  75  A  Ni/Cu/Si  are 
similar  to  those  shown  in  Fig.  I.  As  expected,  the  magnetization  of  our 
films  lies  in  plane  at  large  Ni  thicknesses.  For  35  A  Ni  (Fig.  2),  the  SMOKE 
loops  show  the  magnetization  to  prefer  an  orientation  perpendicular  to  the 
film  plane;  the  polar  loop  is  square  and  the  longitudinal  signal  is  negligible. 
The  loops  for  50  A  and  25  A  Ni  films  are  very  similar  to  that  for  35  A.  For 
15  A  of  Ni  (Fig.  3),  a  strong  in-plane  component  coexists  with  the  out  of 
plane  component.  At  T=100  K,  it  has  been  observed  [11]  that  the 
magnetization  is  fully  in  plane  for  h  <  5.5  A  and  out  of  plane  for  h  >  8.3  A. 
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The  strong  longitudinal  signal  in  our  films  at  h=IS  A  suggests  that  this  is 
the  lower  anisotropy  switching  thickness  corresponding  to  that  observed  at 
h=6  A  for  100  K.  Further  measurements  on  films  of  thickness  h<  15  A 
have  so  far  failed  to  clarify  the  nature  of  this  transition. 


M (Arbitrary  Units ) 


M( Arbitrary  Jni ts ) 


Fig.l:  Longitudinal  (left)  and  polar  (right)  M-H  loops  for  150  A  Ni/3000  A 
Cu/Si(100). 
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Fig. 2:  Longitudinal  (left)  and  polar  (right)  M-H  loops  for  35  A  Ni/3000  A 
Cu/Si(100). 


M(Arbitrary  Units) 


M(Arbitrary  Units) 


Fig. 3;  Longitudinal  (left)  and  polar  (right)  M-H  loops  for  15  A  Ni/3(X)0  A 
Cu/Si(100). 


The  variations  with  Ni  film  thickness  of  the  perpendicular  remanence 
normalized  to  the  saturation  magnetization  is  summarized  in  Fig.  4.  This 
figure  includes  in-situ  SMOKE  and  ex-situ  VSM  data.  The  most  striking 
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and  interesting  feature  of  Fig.  4  is  the  existence  and  the  extent  of  the 
region  where  perpendicular  anisotropy  is  observed;  from  15  A  to  60  A  for 
films  kept  under  UHV  conditions;  from  25  A  to  125  A  for  films  exposed  to 
air.  This  range  of  perpendicular  easy  axis  is  large  compared  to  that 
observed  in  the  Fe/Cu  (100)  system  where  the  perpendicular  to  in-plane 
switching  thickness  does  not  exceed  10  A  at  T=300  K  17).  The  switching  of 
the  magnetic  anisotropy  observed  in-situ  at  60  A  shifts  to  125  A  when  the 
samples  are  expo.sed  to  air.  This  shift  is  most  likely  due  to  oxidation  of  the 
Ni  film.  In  fact,  samples  with  100  A  and  75  A  Ni  films  which  have  been 
exposed  to  air  and  placed  back  in  the  MBE  chamber  show  loops  similar  to 
the  VSM  loops,  indicating  an  out  of  plane  magnetization. 


Fig.4-.  Variation  of  the  perpendicular  remanence  (normalized  to 
the  saturation  magnetization)  with  Ni  film  thickness  in  Ni/3000  A 
Cu/SidOO). 


The  results  for  the  magnetic  properties  of  100  A  Ni  films  on  alloy 
substrates  (Cui -xNix/Cu/Si)  characterized  by  VSM  are  summarized  in  Fig, 
5  where  the  perpendicular  remanence.  normalized  to  the  saturation 
magnetization,  is  plotted  as  a  function  of  Ni  content  in  the  substrate.  The 
Cu  1 -xNixfCo/Si  substrates  were  shown  to  be  non-magnetic  by  VSM 
measurements.  The  ex-situ  magnetization  is  perpendicular  to  the  film 
plane  when  a  100  A  Ni  film  is  deposited  on  pure  Cu  and  falls  tn-plane 
when  the  Ni  concentration  in  the  substrate  exceeds  25  %.  This  switching  of 
the  magnetization  easy  axis  with  film-substrate  misfit,  for  a  film  with  a 
relatively  large  thickness,  is  very  interesting  because  it  shows  a  qualitative 
correlation  between  the  change  in  magnetic  anisotropy  and  magneto¬ 
elastic  effects  in  thin  films. 
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Ni  (%) 

Fig. 5;  Variation  of  the  perpendicular  remanence  (normalized  to  the 
saturation  magnetization)  with  x  in  100  K  Ni/2000  A  Cui -xNix/lOOO  A 
Cu/Si(i00). 

DISCUSSION 


It  has  been  emphasized  by  many  research  groups  [2,6.8.91  hat 
perpendicular  magnetic  anisotropy  in  ultrathin  films  is  expected  whenever 
a  uniaxial  anisotropy  energy  Ks.  arising  from  the  reduced  symmetry  at 
interfaces,  overcomes  the  magneto-static  (MS)  energy  2JtMs2  of  the  film. 
At  300  K,  perpendicular  anisotropy  is  observed  up  to  10  A  in  Fe/Cu  (100) 
{7]  and  up  to  60  A  in  our  Ni/Cu  (100)  films.  The  ratio  of  the  MS  energy  of 
Fe  to  that  of  Ni  is  approximately  equal  to  10/1.  It  is  therefore  very 
tempting  to  associate  the  larger  switching  thickness  in  Ni/Cu  (100)  with 
the  lower  MS  energy  of  Ni.  However,  this  argument  overlooks  the  surface 
and  interface  anisotropies  which  could  also  be  quite  different  in  the  Ni/Cu 
(100)  and  the  Fe/Cu  (100)  systems.  We  believe  that  the  switching  of  the 
magnetization  from  perpendicular  to  in-plane  is  instead  determined  by  a 
competition  between  the  MS  energy,  the  surface  anisotropy  energy  and  the 
magneto-elastic  (ME)  energy  of  the  film.  The  Ni  film,  which  has  a  smaller 
lattice  parameter  than  the  Cu  substrate,  is  under  an  in-plane  biaxial  tensile 
strain.  Since  the  first  order  (bulk)  ME  coupling  coefficient  of  Ni  is  positive 
(Bi  =6.21  X  10^  erg/cm^),  ME  energy  favors  a  perpendicular  anisotropy. 
We  have  measured  the  dislocation  spacing  and  the  in-plane  biaxial  .strain  £ 
in  the  Ni  film  as  a  function  of  thickness  in  epitaxial  Ni/3000  A  Cu/NaCl 
(100)  structures  [15],  We  can  then  get  an  estimate  of  by  solving  the 
following  equation  at  the  transition  thickness  h=60  A  where  e=l.l%  (Fig.  4, 
ref.  15); 


2Bie  -  2jtMs2  +  2Ks/h  =  0 


(1) 


With  2jiMs^=  1.47x10®  erg/cm^  for  Ni,  we  obtain  Ks  =  0.03  erg/cm^.  This 
argument  is  semi-quantitative  since  the  strain  was  measured  ex-situ  and 
may  differ  slightly  from  the  strain  for  a  film  kept  under  UHV.  Moreover, 
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the  bulk  values  of  the  coefficient  B|  and  of  Ms  might  not  be  adequate  for 
60  A  films  and  thinner. 

The  reversal  in  magnetic  anisotropy  observed  in  100  A  Ni  on  alloy 
substrates  Cui-xNix  by  VSM  can  also  be  understood  based  on  the  interplay 
between  ME  and  MS  energies.  For  Ni/Cu  samples  exposed  to  air,  the 
switching  thickness  of  the  magnetization  is  h:-125  A  (Fig.  4).  As  the  Ni 
content  in  the  substrate  is  increased  from  0  to  40%,  the  misfit  between  the 
film  and  the  substrate  is  reduced  from  2.5%  to  1.5%.  This  reduction  in 
misfit  is  significant  and  could  lower  the  ME  energy  B|C  enough  to  make  the 
magnetization  switching  thickness  decrease  to  100  A  for  films  exposed  to 
air.  We  plan  to  make  a  more  quantitative  study  of  misfit  effects  by 
measuring  the  strain  in  the  films  as  a  function  of  x.  extending  these 
measurements  over  a  broader  range  of  Ni  thicknesses  and  characterizing 
the  films  in-situ  by  SMOKE. 
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ABSTRACT 

High  resolution  Kerr  microscopy  has  been  used  to  study  newly  developed  Co25Pt75  alloy 
films  with  perpendicular  magnetic  anisciropy  In  particular,  the  dynamics  of  magnetization 
reversal  processes  wase  investigated  by  means  of  time  resolved  domain  pattern  analysis 
Domain  wall  motion  dominated  magnetization  reversal  as  well  as  nucleation  dominated 
processes  were  observed  Magnetic  aftereffect  phenomena  were  confirmed  by  relaxation 
measurements  of  magnetic  don.ains  The  fractal  dimension  of  the  observed  domains  is 
correlated  to  the  macroscopic  coercivity  determined  from  hysteresis  loop  measurements 


INTRODUCTION 

Thin  metallic  films  of  alloys  of  Co  and  Pt  have  recently  been  discussed  as  promising  new 
materials  for  magnetooptic  recording  applications  [1]  The  advantages  of  these  alloys 
compared  with  other  recording  materials  were  clearly  pointed  out  in  recent  publications  [1-3] 
The  process  of  magnetization  reversal  is  of  particular  interest  because  of  its  important  role  in 
thermomagnetic  recording  Special  interest  is  focused  on  the  formation  of  magnetic  domains 
and  the  stability  of  the  domain  shape  after  reversal  of  the  magnetization  in  the  writing  laser 
spot  Therefore  the  magnetic  aftereffect  is  considered  to  be  one  of  the  limiting  factors  in 
magnetooptic  recording  applications 

In  this  paper  we  present  a  study  of  the  magnetization  dynamics  using  Kerr  microscopy  and 
successive  image  processing  In  addition,  quasi  static  hysteresis  loops  for  the  present 
Co25Pt75  samples  with  uniaxial  perpendicular  anisotropy  could  be  determined  with  this 
method  The  shape  of  these  hysteresis  loops  basically  coincide  with  that  from  conventional 
polar  MOKE  loops  [5] 
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EXPERIMENTAL 

The  determination  of  domain  patterns  is  based  on  a  polarisation  microscope  setup  described 
elsewhere  [6].  The  imaging  is  based  on  the  polar  Kerr  effect.  Image  acquisition  is  performed 
with  a  highly  resolving  CCD-Camera  with  linear  response  in  intensity.  By  using  frame  data 
averaging  in  a  fast  real-time  image  processor  we  were  able  to  reduce  the  noise  and  drastically 
enhance  the  contrast  in  the  domain  imaging.  Subtracting  background  images  further  improves 
the  quality  of  the  data 

Co25Pt75  alloy  films  were  prepared  by  e-beam  evaporation  in  high  vacuum  with  a  base 
pressure  of  -  I0‘^  mbar  at  a  typical  deposition  temperature  of  about  220°C  Polished  Si(IOO) 
substrates  were  used  with  400A  thick  SiN^  etched  buffer  layers  [7]  Alloys  were  obtained  by 
subatomic  layering  of  Pt  and  Co  as  described  previously  [I -2]  The  final  composition  was 
determined  with  x-ray  fluorescence.  Typical  film  thicknesses  cover  the  range  from  d=  1 00  A  to 
d=300  A  All  measurements  were  carried  out  at  room  temperature  in  a  high  field  magnet 
arrangement  (up  to  IT)  especially  designed  for  microscopic  applications  The  characterisation 
of  the  film  structure  yields  for  the  alloy  samples  cubic  symmetry  with  fcc( 111)  orientation 
predominantly  parallel  to  the  film  plane  [I -3]  The  films  are  polycrystalline  and  average  grain 
sizes  based  on  x-ray  diffraction  measurements  and  surface  topography  characterization  in  the 
order  of  100-200A  have  been  observed  (5) 

RESULTS  AND  DISCUSSION 

Figure  I  shows  hysteresis  loops  of  two  Co25Pt75  alloy  samples  with  d=l00  A  and  d=200  A 
thicknesses  All  data  points  were  obtained  from  domain  images  at  the  respective  field  steps  by 
determining  the  ratio  of  up  and  down  magnetised  areas  after  background  subtraction  and 
normalized  with  respect  to  the  field  of  view. 


I-ij;.  I:  Hysteresis  Uxtp  of  (.'025  ^'<75  alloy  film  with  (a)  J  100  A  and  fh)  d  200  A  determined 
from  domain  [tallern  analysis. 

The  images  were  acquired  after  relaxation  of  the  domain  pattern  to  obtain  quasi-static 
hysteresis  loops.  Systematic  investigation  of  the  magnetization  curves  of  films  with  different 
varying  film  thicknesses  yields  an  increase  in  coercivity  Hg  with  growing  film  thickness.  In  all 
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samples  (d~IOO,200.300A),  we  found  =  j  With  increasing  thickness  the  nucleation 

points  in  the  hysteresis  loops  become  less  well  defined  and  their  shape  becomes  rounded  A 
detailed  analysis  of  domain  shapes  at  the  nucleation  field  is  shown  in  Fig  2  We  find  in  general, 
that  with  increasing  film  thickness  an  increasing  number  of  small  sized  domains  is  being  formed 
at  the  nucleation  field 


(a)  (b) 

Fig.  2:  Typical  domain  .<ihape.i  ai  the  nucleation  poinl.i  of  two  differeni  Co2yPl7$  alloy  films 
(a)  H=IS.5  kA  'm  and  d=IOOA  (h)  20.5  kA  m.  d  200  A.  The  while  area  repre.sents  up  and  the 
dark  area  down  domains,  respectively. 

At  a  film  thickness  of  lOOA  the  magnetization  reversal  is  dominated  by  domain  wall  motion 
while  at  larger  thicknesses  nucleation  of  domains  seems  to  prevail  An  analysis  of  the  wall 
structure  with  respect  to  the  domain  area  yields  evidence  for  a  correlation  between  the  fractal 
dimension  of  the  domains  and  the  film  coercivity  In  general  we  find,  that  the  fractal  dimension 
increases  with  H^.  Figure  3  displays  a  series  of  domain  pattern  images  from  a  Co2‘;Pi75  alloy 
film  of  d=100A  after  application  of  a  reverse  field  step,  i  e  a  magnciic  field  opposite  to  the 
actually  saturated  magnetization  state  The  field  is  stepped  to  a  given  negative  field  value  near 
the  nucleation  field  within  one  second  and  kept  constant  thereafter  Domain  pattern  images  are 
gathered  subsequently  in  time  intervals  of  a  few  seconds  One  can  easily  follow  the  growth  of 
the  dark  shaded  down  domains  After  a  few  minutes  complete  relaxation  into  saturation  is 
obtained.  The  area  of  magnetization  collinear  with  the  external  field  is  plotted  in  Fig,  4  for  tw  o 
different  field  steps  of  H=15.5  kA/m  and  16.8  kA/m,  respectively  The  experiment  obviously 
indicates  that  the  slope  of  the  magnetization  curve  vs  time  becomes  steeper  as  the  negative 
field  step  is  increased.  Small  field  amplitudes  result  in  magnetization  curves  with  very  flat  initial 
slope.  Refined  analysis  in  this  time  regime  shows  evidence  for  a  noisy  Barkhausen  type  change 
of  the  magnetization. 


Fig.3:  Time  evolution  of  the  domain  shape  after  application  of  reverse  field  of  H  15.5  kA  m 
in  a  1 00 A  thick  Co2$Pl75  alloy  film. 


Fig.  4:  Time  dependence  of  magnetization  after  application  of  reverse  magnetic  field 

Similar  results  for  the  field  dependence  of  relaxation  time  were  reported  for  Co/Au  ultrathin 
films  [2],  A  first  analysis  of  our  results  in  terms  of  the  Fatuzzo  model  [8]  shows  that  this 
cannot  be  applied  in  all  cases  to  the  present  samples.  Additional  work  has  to  be  done  to 
determine  the  ratio  of  nucleation-  and  domain-wall-dominated  reversals. 
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CONCLUSION 

We  have  investigated  a  series  of  Co25Pt75  alloy  samples  with  various  film  thicknesses  The 
coercivity  of  these  alloys  increases  with  total  film  thickness  The  magnetization  reversal 
mechanism  changes  from  a  wall-motion-dominated  type  to  a  nucleation-doininated  type  as  the 
film  thickness  increases  Magnetic  afterefifect  measurements  show  a  relaxation  behaviour  which 
is  only  partlv  in  accordance  with  the  Fatuzzo  model  Although  a  correlation  between  the  fractal 
dimension  of  the  domains  and  the  coercivity  is  indicated,  this  clearly  needs  to  be  investigated  in 
further  detail 
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ABSTRACT 

The  electronic  and  magnetic  structure  of  small  vanadium  clusters  adsorbed  on 
Ag(OOl)  is  studied  as  a  function  of  the  exchange  integral  J  of  the  Hubbard 
Hamiltonian  and  cluster  size  with  bcc  structure.  For  each  topological  arrangement, 
the  transition  from  nonmagnetic  to  magnetic  order  is  characterized.  As  in  the  case  of 
films  (1  or  2  layers  thick)  epitaxially  grown  on  AgfOOl),  antiferromagnetic  coupling 
between  V  atoms  is  usually  obtained.  However,  because  the  symmetry  is  lower  in  the 
present  case,  various  magnetic  configurations  are  displayed. 

INTRODUCTION 

Since  a  long  time,  vanadium  has  attracted  interest  for  its  specific  magnetic 
properties:  the  isolated  atom  has  a  permanent  moment  of  3ais  ;  however  it  is  well 
known  that  bulk  V  is  paramagnetic.  Very  recently,  Bouarab  et  al  [  I  ]  and  Dorantes- 
Davila  et  al  [  2  ]  have  discussed  respectively  the  onset  of  magnetic  moments  of 
vanadium  free  standing  layers  or  as  overlaycr  on  Ag(OOl)  and  of  free  standing 
clusters  of  vanadium.  The  local  magnetic  moment,  magnetic  order  and  average 
magnetic  moment  are  calculated  for  T  =  0K  as  a  function  of  the  intra-atomic 
exchange  integral  J.  In  the  present  communication  wc  will  consider  clusters  of 
vanadium  adsorbed  on  Ag(OOI).  A  one-layer  cluster  of  21  atoms  and  a  two-layers 
cluster  of  33  atoms  arc  considered  (figure  1).  Free  standing  V  clusters  have  been 
shown  to  become  magnetic  when  the  number  of  atoms  is  not  too  high  [  2,  3  ]  .  Two 
contradictory  effects  appear  to  be  in  work  for  these  clusters:  a  supermagnetic  effect  [ 
4  ]  leading  to  a  cancellation  of  the  magnetic  moment  in  the  case  of  small  size  of  the 
vanadium  cluster  and  a  coordination  number  effect  which  tends  to  cancel  the  moment 
of  the  cluster  when  the  size  is  too  great  [  2,  3  ]  .  Through  Stern-Gcrlach 
measurements,  Douglas  et  al  [  4  ]  have  shown  that  the  maximum  true  moment 
consistent  with  uncertainty  is  considerably  below  the  calculated  values  of  Dorantes- 
Davila  et  al  [  2  ]  and  Feng-Liu  et  al  [  3  ]  •  The  small  value  may  indicate  that  the 
lattice  spacing  is  less  than  the  bulk  value.  In  order  to  stabilize  the  lattice  parameter, 
experimentalist  do  perform  growth  of  V  on  Ag(OOI).  As  an  example,  Moodera  and 
Meservey  [  5  ]  have  recently  obseved  through  surface  impedance  measurements,  that 
small  clusters  of  vanadium  on  Ag(OOl)  do  present  interesting  magnetic  properties. 
Moreover,  they  have  observed  that  these  magnetic  properties  do  depend  drastically 
on  the  size  of  the  adsorbed  cluster.  Recently,  Dorantes- Davila  and  Dreysse  [  2  ]  have 
pointed  out  that  a  first-order  transition  appears  for  a  critical  value  Jc  ,  for  all  sizes 
of  the  cluster.  Therefore,  one  have  to  be  very  cautious  in  the  study  of  this  type  of 
systems.  Christensen  et  al  [  6  ]  have  determined  through  Linear-Muffin-Tin-Orbital 
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(LMTO)  method  the  values  of  the  exchange  integrals  for  the  transition  metal 
elements.  However  this  is  a  bulk  calculation  and  thus  the  \alues  of  the  exchange 
integral  may  vary  with  the  size  of  the  cluster.  Moreover  it  has  been  shown  by  Stollhof 
et  al  [  7  ]  that  the  local  density  approximation  (LDA)  used  by  Christensen  et  al 
largely  neglects  correlation.  For  this  reason,  in  the  present  communication,  we  derive 
the  magnetic  moments  of  small  clusters  of  V  adsorbed  on  Ag(OOI)  in  terms  of  J. 

RESULTS 

The  cluster  of  21  atoms  displays  strong  peaks  in  the  local  density  of  stau-  ■,  L[X>S). 
These  peaks  are  related  to  the  low  coordination  number  of  the  V  atoms  .,!)vl  are  more 
pronounced  than  in  the  case  of  V  overlayer  on  AgfOOl)  [  1  ]  .  We  report  in  figure  2 
the  polarization  of  the  nanostructure  of  21  V  atoms  on  Ag(OOl);  the  polarization  of 
the  silver  atoms  is  negligible  so  that  we  do  not  report  on  it  here.  The  calculatic.-'s 
have  been  performed  in  the  framework  of  the  tight-binding  method  in  the 
unrestricted  Hartree-Fock  approximation  to  the  Hubbard  Hamiltonian  (  I,  2  j  .  In 
a  previous  paper  [  9  ]  ,  we  reported  the  polarization  of  the  V  atoms  for  J  =0.35  eV. 
Here  we  extend  it  to  different  values  of  J  because  the  exact  value  of  J  is  not  well 
known. 


Repartition  of  the  V  islands  on  A{(OOi) 

ilDl  iOI>’<*doce:OSi»foc«: 


Fig  1:  Disposition  of  the  V  atoms  in  the  two  nanostructures  adsorbed  on  Ag(OOl). 
The  two  hatched  regions  correspond  to  a  (001)  cut  of  the  fee  Ag  (big  region)  and  bcc 
V  (small  region)  rotated  by  45°.  The  atoms  numbered  1,2  ,3,  4  and  5  are  in  the  V- 
layer  adjacent  to  Ag  and  consist  of  21-atoms  nanostructure.  The  atoms  6  and  7  are 
on  the  top  V-layer,  located  in  symmetrical  positions  above  the  21  V-atoms 
nanostructure.  Atoms  numbered  from  1  to  7  are  pan  of  a  33  V-atoms  nanostructure. 
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Fig  2:  Magnetic  moment  per  atom,  on  the  5  incquivaicnt  V  atoms  in  the  21 
atoms  nanostructure  on  Ag(OOl) 


Energy  (eV) 


Dos(states/atom.eV.spin)  Dos(states/atom.eV.spin) 
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Fig  3(a,b,c):  Local  density  of  states  for  the  7  inequivalent  V  atoms  in  the  33  atoms 
nanostructure  on  Ag(OOl). 
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On  figure  2  it  can  be  shown  that  in-plane  antiferromagnetism  is  present  in  the 
one-layer  cluster.  For  reasonable  values  of  J  (i.e.  J  of  the  order  of  0.4-0. 5  eV),  the  less 
coordinated  atom  (only  V  atoms  count  for  this  number  because  the  Ag  d-bands  are 
far  apart  so  that  the  effect  of  the  hybridization  is  small),  has  the  strongest  magnetic 
moment.  The  high  magnetic  moment  of  this  c.xternal  atom  of  type  5  can  be  c.xplaincd 
through  Stoner  criterion  because  it  presents  the  highest  LDOS  at  the  Fermi  level. 

In  figure  3,  we  report  the  LDOS  for  the  cluster  of  33  V  atoms.  This  structure 
consists  of  12  atoms  adsorbed  on  the  previously  discus.'^cd  21  atoms  structure  (see  fig. 
1).  The  LDOS  of  the  V  atoms  are  less  peaky  than  in  the  case  of  the  l-layer  cluster 
of  21  atoms.  This  arises  from  the  fact  that  the  V  atoms  are  more  coordinated  as 
before  (less  atomic-like).  Also  at  the  Fermi  level,  the  LDOS  are  smaller  and 
consequently  the  onset  of  magnetism  is  for  higher  values  of  J  (figs  2  and  4).  Figure 
4  displays  the  n  agnctic  moments  for  the  cluster  of  33  atoms:  atoms  of  type  6  and 
have  two  nearest  V  neighbors  with  a  positive  pol.trization  and  two  others  with  an 
opposite  polarization.  Therefore,  they  are  frustrated  and  thus  they  display  a  low 
magnetic  moment  for  J  values  less  than  0.45  eV. 
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Fig  4.  Magnetic  moment  uiMn)  per  atom,  on  the  7  incquivalcnt  V  atoms  in  the  33 
atoms  nanostructure  on  Ag(OOl) 
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CONCLUSION 

This  calculation  has  clearly  shown  that  the  vanadium  atoms  with  a  small  co¬ 
ordination  are  clearly  magnetic.  This  is  in  agreement  with  the  experimental  result  of 
Moodcra  and  Meservey  [  5  )  .  However,  the  polarization  map  obtained  is  very 
complicated  and  similar  to  the  results  obtained  by  Dorantes  Davila  et  al  (  2  ]  in  the 
case  of  free-standing  vanadium  clusters.  For  the  l-layer  nanostructure  of  21  atoms 
on  Ag(OOl)  an  in-plane  AF  solution  may  not  be  unique  [  9  ]  and  detailed  calculations 
have  to  be  done  for  particular  values  of  J.  Moreover,  a  total  energy  calculation  have 
to  be  performed  [  8  ] .  The  2-layer  nanostructure  of  33  V  atoms  is  no  more  AF  but 
presents  some  frustration  which  decreases  the  value  of  the  considered  V  atoms. 
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ABSTRACT 


Amorphous  TbFe  films  with  perpendicular  magnetic  anisotropy  are  attracting  wide  attention 
as  promising  candid.-ites  for  era.s.able  high  -  den.sily  magneto  -  optical  recording  and 
thermonwgnetic  printing.  TbxFe  thin  films  with  0  <  x  S  0.37  are  deposited  on  glass 
substrates  using  r.f.  sputtering.  The  magnetic  remanent  domain  structures  are  studied  at  room 
temperature  using  the  longitudinal  and  polar  Kerr  effect.  Samples  with  0  S  x  2  0.23  exhibit 
magnetic  in-plane  anisotropy,  while  samples  with  0.26  <  x  S  0.37  possess  uniaxial  anisotropy 
with  easy  axis  perpendictilar  to  the  film  plane.  The  remanent  domain  structures  depend  strongly 
on  Tb  content.  High  remanence  and  high  cocrcivity  are  found  for  samples  with  0.27  <  x  <  0  34 
which  is  confirmed  by  additional  vibrating  sample  magnetometer  (VSM)  measurements. 


INTRODUCTION 


Amorphous  rare-earth-transition  metal  alloys  are  widely  investigated  for  the  use  as  magneto 
-optical  recording  media. Moreover  it  has  been  suggested  that  TbFe  films  could  provide 
Suitable  media  for  magnetic  printing. In  magnetic  printing,  latent  images  are  produced 
thermom,agnetically  and  developed  using  magnetic  toner  particles  For  such  an  application, 
films  with  high  remanence  and/or  sufficient  thickness  are  required  in  order  to  create  a  strong 
force  on  the  toner  panicles.  The  domain  structure  and  magnetic  properties  (anisotropy  energy) 
depend  strongly  on  the  composition*  and  on  preparation  parameters  ( substrate  temperature).^ 
In  this  paper,  we  report  the  influence  of  Tb  concentration  on  the  remanent  domain  structure 
and  on  the  magnetic  properties  (.saturation  magnetization,  coercivity  and  remanence)  of  thin 
TbFe  films. 


EXPERIMENTAL 


In  our  experiments,  we  use  Tb*  Fei.,  thin  films  with  a  Tb  content  x  between  0  and  0.37.  The 
deposition  was  performed  by  co-sputtering  in  a  pure  argon  atmosphere  (  99.997  9fc)  using  a 
target-substrate  (glass)  distance  of  35  mm  .These  deposition  parameters  are  used  for  all 
samples.  Details  about  the  .sputtering  conditions  are  reported  elsewhere.  The  composition 
of  the  films  is  determined  by  using  X-ray  fluorescence  analysis  (XFA)  where  values  of  x=0, 
0.17. 0.23, 0.26,  0.27. 0.30, 0.31,  0.34, 0.37  are  found.  Film  thicknesses,  t ,  are  about  1.50  nm. 
All  the  samples  are  coated  with  a  thin  Al  ,Oj  protective  layer.  The  size  of  the  sample  is  30  x  30 
mm^.For  further  measurements,  the  samples  are  cut  to  a  size  15  x  15  mm^.  Each  set  of 
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samples  is  used  for  different  measurements  in  order  to  obtain  reliable  data..  Auger  electron 
spectroscopy  (AES)  measurements  are  performed  in  order  to  check  composition  data  obtained 
by  using  XFA  and  to  obtain  data  about  films  homogeneity  in  the  growth  direction.  Using  a 
DRON  -  2  diffractometer,  the  angular  distribution  of  X  -  ray  diffrac'ed  intensities  is  measured 
using  Mo  Ka  radiation  up  to  : 

Kmax  = =15  A  (I) 

The  radiation  is  monochromatized  by  using  a  concave  quartz  crystal  placed  in  front  of  a 
scintillation  counter.  Computerized  data  processing  allowed  for  corrections  of  X-ray  scattering 
in  air  and  in  the  glass  substrate  as  well  as  absorption  in  the  film.The  first  two  contributions  are 
estimated  by  measuring,  under  the  same  experimental  conditions  an  annealed  Au  foil  and  a 
clean  substrate  respectively.  The  absorption  p-t  in  the  film  (p  =  linear  absorption  coefficient ) 
is  measured  with  Mo  Ka  radiation  in  transmission  geometry  with  reference  to  a  clean 
substrate.The  remanent  magnetic  domain  structure  is  directly  observed  by  using  the  Kerr  - 
effect  and  a  digital  contrast  enhancement  scheme.*®  The  local  hysteresis  loops  are  studied 
by  using  a  He-Ne  laser  in  the  longitudinal  and  polar  Kerr  -  effect  configuration.  Additional 
magnetization  (M)  versus  magnetic  field  (H)  loop  measurements  were  made  with  a  vibrating 
sample  magnetometer  (VSM),  calibrated  with  a  Ni  standard  in  a  20  kOe  applied  field.  All  the 
samples  are  measured  in  two  position,  perpendicular  and  parallel  to  applied  field. 


RESULTS  AND  DISCUSSION 


AES  depth  profile  analyses  shows  that  our  films  are  homogeneous  in  the  growth  direction. 
The  Fe  and  Tb  concentration  does  not  change  with  increasing  film  depth  and  the  values  are 
similar  to  those  determined  by  XFA.  X  -  ray  diffractograms  show  that  films  with  0.17  £  x  S 
0.37  are  perfectly  amorphous  .  The  diffractogram  patterns  are  quite  similar  to  those  reported 
in  ref  9  for  TbFe  amorphous  alloys,  .showing  a  main  peak  at  K  =1 .43  A  and  further  weaker 
details.  For  films  with  x  ranging  between  0.17  and  0.27  ,  the  ratio  K^Kj  is  around  1.56  .  For 
films  with  X  =  0.  the  X  -  ray  diffraction  patterns  indicates,as  expected  the  presence  of 
polycrystalline  Fe  .  Fig.  I  shows,  for  x=0  four  different  remanent  domain  structures  obtained 
with  MOKE  .  Using  longitudinal  Kerr  effect  conditions  various  domain  pattern  are  observed 
after  reducing  an  applied  magnetic  field  from  saturation  value  to  zero  and  by  selecting  four 
different  in-plane  directions. (see  Figs.  1  A- ID)..  The  single  domain  state  at  saturation  breaks 
up  into  a  multidomain  configuration  after  demagnetizing  the  films  by  a  reducing  the  applied 
magnetic  field  to  zero.  No  perpendicular  magnetization  could  be  obsers'ed.  However,  there  is 
hard  to  establish  an  orientation  of  the  spontaneous  magnetization  of  the  domains  versus 
crystallographic  directions  because  of  polycrystalline  Fe  sample.  The  domain  structures 
presented  in  Fig.  1  are  very  close  to  those  reported  in  ref. 1 1(  domains  size  of  20(X)  A  thick.for 
a  81  -  Permalloy  film).  We  notice  that  for  Permalloy  film  demagnetized  in  a  c  magnetic  field 
along  the  easy  axis,  the  obtained  patterns  are  similar  to  tho.se  presented  in  our  Fig  I  A.  How 
ever.  Permalloy  films  dem.agnetized  in  a  c  magnetic  field  along  the  hard  axis  ,  the  obtained 
patterns  are  near  identical  to  those  shown  in  our  Fig.  1C.  This  comparison  suggests  for  our 
polycrystalline  Fe  sample  a  sort  of  hierarchy  for  the  in  -  plane  easy  directions ;  not  all  are  really 
easy  directions.  Fig.  2  shows  the  characteristic  remanent  domain  structure  for  samples  with  x 
=  0.23  (A  ),  0.26  (B  ),  0.34  (C )  and  0.37  (D ).  The  patterns  from  Fig.  2A  are  obtained  by  using 
longitudinal  Kerr  effect,  while  Fig.2  B-2  D.  by  using  polar  Kerr  effect  .The  type  of  remanent 
domain  structure  in  Fig.  2  B-2  D  are  very  different  from  the  domains  in  Fig.  2A  and  Fig.  1  .  It 
is  clear  th.at  we  have  now  a  structure  with  free  m.ignetic  poles,  that  can  be  led  into  a  m.agnetic 


Fig.  1  ;  Four  different  remanent  domain  structures  of  Fe  sample.  (  All  photographs  have  the 
same  magnification ) 

applied  field  to  a  bubble  structure. Furthermore .  in  Fig,  2B  there  are  two  big  domains  one  black 
and  one  white.  Inside  of  the  white  one  there  is  possible  to  be  notice  the  circular  black  domains 
with  different  diameters.  Some  of  them  seems  to  have  the  bubble  dimensions.  There  is  also 
interesting  to  point  out  the  differences  between  Fig.  2A  and  2B  which  represented  the  two 
remanent  patterns  before  and  over  composition  with  compensation  temperature  near  room 
temperature ^  In  general  the  domain  structure  depends  strongly  on  the  direction  of  the  uniaxial 
anisotropy  and  the  magnitude  of  magnetization  which  is  influenced  by  the  compensation 
temperature.'^  This  statement  is  also  confirmed  by  our  domain  observations,  Fig2B- 
2D,  where  the  domain  dimensions  are  gradually  decreasing  with  increasing  the  Tb  content  far 
away  to  the  composition  with  compensation  temperature  near  room  temperature.One  of  the 
main  conclusion  results  from  the  domain  observation  is  that  samples  with  0  ^  x  ^  0.23  show 
in  plane  anisotropy  .while  the  sample  with  0.26  5  x  ^  0.37  show  uniaxial  anisotropy  with  the 
ea.sy  axis  perpendicular  to  the  film  plane.  A  typical  example  of  a  local  hy.sleresis  loop  obtained 
by  using  a  He-Ne  laser  in  the  longitudinal  Kerr  effect  for  the  Fe  polycrystallinc  sample  is 
shown  in  Fig.  3  .  Similar  curves  have  been  obtained  for  the  sample  with  0  <  x  S  0.23  ,  proving 
that  easy  axis  is  lying  in  the  plane  of  samples.  For  all  the  samples  additional  M-H  loop 
measurem.ents,  using  a  VSM  with  the  magnetic  field  applied  perpendicular  and  parallel  to  the 
film  surfaces  were  carried  out  .  Fig.  4  shows  the  dependence  of  coercivity  (He)  versus 
saturation  magnetization  (Ms)  .The  sample  with  x  =  0  has  the  lowest  value  of  He  and  the 


Fig.  2  :  The  remanent  domain  structures  for  the  samples  x=0.23  (A),  0.26  (B),  0.34  (C),  and 
0.37  (D).  (  All  photographs  have  the  same  magnification  ) 


Fig.  3  :  Local  hysteresis  loop  for  the  sample  with  x=0 

maximum  value  of  Ms.  For  the  samples  with  0.27  S  x  S  0.34  the  He  always  has  value  over 
1.26  kOe  with  the  maximum  of  4.27  kOe  .The  quite  exponential  decrease  of  coercivity  with 
increasing  the  saturation  magnetization  in  the  condition  of  Tb  content  variation  has  also 
reported  by  Higashi."*  In  order  to  check  if  ourTb  -Fe  films  with  uniaxial  anisotropy  are  suitable 
for  obtaining  high  remanence  magnetization  required  for  magnetic  printing  we  show  Fig.  5  .  It 
is  evident  from  this  that  samples  with  0.26  5  x  S  0.34  have  a  very  high  remanence 
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Ms  (Gs) 


Fig.  4  :  The  dependence  of  coercivity  (  He  )  versus  saturation  magnetization  (  Ms  )  for  Tb- 
Fe  serie  samples. 


magnetization  with  Mr/  Ms  between  84%and  100%.  It  is  al.so  possible  in  this  Fig.  to  make  the 
di.stinguish  between  samples  with  in-  plane  and  uniaxial  anisotropy  and  to  confirm  the  domain 
structure  observations  . 
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CONCLUSIONS 


-  Demagnetized  Fe^^Tbi.^  films  show  strongly  different  domain  patterns  below  and  above 
composition  with  x=  0.23  . 

-  The  magnetic  domain  observation  and  additional  magnetic  measurements  show  that  samples 
with  Os  X  S  0.23  exhibit  in- plane  anisotropy,  while  samples  with  0.26  S  x  SO.37  pos.sess 
uniaxial  anisotropy  with  easy-  axis  oriented  perpendicular  to  the  film  plane. 

-  High  magnetic  remanence  is  found  for  samples  with  0.27  S  x  S  0.34  . 
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ABSTRACT 

We  have  performed  elastic  neutron  scattering  measurements  of  the  staggered  magnetization 
in  (FeF2)m{CoF2)„  superlattices.  Thermal  expansion  measurements,  which  are  proportional  to 
the  magnetic  contribution  to  the  spccihc  heat,  were  also  carried  out  using  high  resolution  x-ray 
diffraction.  One  of  the  two  measured  samples  has  thicknesses  of  m  =  n  =:  4.5  and  the  other 
m  =  26  and  n  =  28  monolayers,  as  determined  from  high  angle  x-ray  0-20  scans.  In  the 
m  =  n  =  4.5  sample,  only  one  transition  is  observed  at  Tn  =  62. 9A’.  Analy.sis  of  the  neutron 
data,  including  the  rounding  effects,  indicates  an  effective  0  ss  0.42.  This  does  not  compare 
well  with  the  3D  Ising  exponent  0  =  0.325.  The  X-ray  data  also  show  the  existence  of  only  one 
specific  heat  anomaly  at  T  =  62.8  K.  For  the  m  =  26,  n  =  28  sample,  dips  in  the  staggered 
magnetization  and  peaks  in  the  thermal  expansion  were  observed  at  T  %  40  K  and  74  K.  The 
higher  temperature  anomaly,  associated  primarily  with  the  FeF^  layers,  is  sharper  than  the  lower 
one,  which  is  presumably  rounded  by  the  staggered  ordering  field  imposed  by  the  long  range  order 
in  the  FeF2  regions  on  the  CoFj  regions. 


INTRODUCTION 

Multilayered  epitaxial  insulating  antiferromagnetic  films  are  promising  systems  for  the  study 
of  a  variety  of  physical  models.  Since  they  can  be  fabricated  with  overall  thicknesses  of  a  few 
microns,  they  can  be  used  to  obtain  extinction-free  Bragg  scattering  results.  This  has  been 
demonstrated(l]  using  a  single  0.8  pm  thick  layer  of  FeFi  grown  on  a  ZnF^  substrate  toobtain  the 
critical  behavior  of  the  staggered  i.  ignetizatlon  for  reduced  temperatures  of  0.002  <  |f|  <  0.025. 
In  the  same  manner,  multilayer  films  can  be  used  to  obtain  the  staggered  magnetization  near 
phase  transitions  using  neutron  scattering  techniques.  Additional  information  may  be  obtained 
from  high  resolution  x-ray  techniques.  For  example,  the  thermal  expansion  coefficient  of  a  film 
a,  which  is  proportional  to  the  magnetic  contribution  to  the  specific  heal,  may  be  measured  with 
x-rays,  thus  providing  the  specific  heat  critical  beliavior[2,  3,  4]. 

Bulk  crystals  of  the  isomorphic  FeF2  and  C0F2  antifcrromagnels  have  been  well  characterized!?, 
8].  Both  antifcrromagnels  are  Ising-Uke  in  their  critical  behavior  because  of  the  large  anisotropies 
which  force  the  spins  to  align  along  the  c-axis.  The  effective  exchange  interaction  strength  in 
C0F2  is  much  weaker  that  that  of  FeF2.  In  both  cases  the  dominant  exchange  is  between  the 
body-center  and  body-corner  iiext-nearest-neighbor  ions.  The  corresponding  transition  tempera¬ 
tures  are  T  =  78I\  and  T  ~  38A'  for  FeF2  and  C0F2,  respectively.  The  FeF2-CoF2  mired  system 
can  be  well  modeled  by  Ising  spins  for  which  the  next-nearest-ncighbor  interactions  are  equal  to 
the  geometric  mean  of  the  interaction  strengths  of  the  two  maierials(9]. 

Epitaxial  single  tliin  films  made  of  these  materials  have  been  studied  using  a  variety  of  tech¬ 
niques  and  their  behaviors  have  boon  described  in  some  detailflO].  An  important  result  of  these 
measurements  is  that  the  fuiidamenlal  magnetic  interactions  in  single  thin  films,  ranging  from 
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0.25  pm  to  3  pm  in  thickness^  do  not  measurably  change  from  their  bulk  values. 

Conversely,  epitaxially  grown  multilayers  in  many  instances  have  unique  properties.  For 
example,  antiferromagnetic  layers  separated  by  nonmagnetic  layers  are  useful  for  studying  the 
crossover  from  three-dimensional  (3D)  to  two-dimensional  (2D)  critical  beliavior(3,  4].  Alter¬ 
natively,  multilayers  consisting  of  antiferromagnetic  materials  with  differing  nonzero  exchange 
interactions  may  be  fabricated  to  study  the  effects  of  a  modulating  exchange  interaction  along 
one  direction. [2,  5,  6] 

In  the  study  described  here,  we  investigated  the  dependence  of  cooperative  king  phase  transi¬ 
tions  in  periodic  multilayered  structures,  composed  of  two  antiferromagnetic  materials  which 
have  considerably  different  next-nearest-neighbor  exchange  interactions.  Phis  was  done  us¬ 
ing  x-ray  diffraction  and  neutron  Bragg  scattering  intensity  measurements  of  antiferromagnetic 
(FeF2)m(CoF2)„  multilayered  structures,  whose  supcrJattice  period  is  composed  of  m  monolayers 
of  FeF2  and  n  monolayers  of  CoF2-  The  results  obtained  from  the  x-ray  and  neutron  scattering 
techniques  are  consistent  with  each  other.  We  find  that  for  a  m  =  n  =  4.5  sample  only  one  tran¬ 
sition  is  observed,  while  for  a  m  =  26,  n  28  sample  two  anomalies  are  detected.  The  anomaly 
at  the  higher  temperature,  which  is  associated  with  the  long-range  ordering  of  the  FeF2  regions, 
is  sharper  than  the  lower  one,  which  is  presumably  rounded  by  the  long  range  order  imposed  by 
the  FeF2  on  the  C0F2  regions. 


PREPARATION  AND  STRUCTURAL  CHARACTERIZATION 

The  details  of  the  multilayer  growth  technique  have  been  described  elsewhere[lOj.  Briefly, 
the  samples  were  grown  along  the  c-axis  direction  via  MBE  at  a  base  pressure  <  5  x  10“®,  a 
substrate  temperature  of  300^  C,  and  a  rate  of  approximately  3  A/sec.  Polished  ZnF2  single 
crystal  discs,  1  cm  in  diameter  and  oriented  along  the  [OOl]  direction,  were  used  as  substrates 
because  ZnF2  is  both  non*magnetic  and  has  an  excellent  lattice  match  with  both  FeF2  and  C0F2. 
Two  samples  were  studied,  with  m  =  n  =  4.5  and  m  =  26,  n  =  28,  as  determined  from  X-ray 
B scans.  The  sample  thicknesses  are  0.29 /im  and  0.91  /im,  for  ihe  m  =  n  =  4.5  and  m  =  26, 
n  =  28  samples,  respectively.  A  detailed  x-ray  analysis  of  these  samples[3]  indicates  the  presence 
of  interface  step  disorder  %  1  monolayer  in  the  m  =  n  =  4.5  sample  and  a?  3.5  monolayers  in  the 
m  =  26,  n  =  28  sample,  with  negligible  interdiffusion.  The  widths  of  the  main  superlattice  peaks 
indicate  superlattice  structural  coherence  lengths  of  900  A  for  the  m  =  n  =  4.5  sample  and  2200 
A  for  the  m  =  26,  n  =  28  sample. 


EXPERIMENTAL  TECHNIQUES 

X-rays  were  also  used  to  study  the  specific  heal  critical  behavior.  The  thermal  expansion 
coefficient,  a  =  A“*  AA/AT,  where  A  is  the  superlattice  modulation  length,  which  is  proportional 
to  the  magnetic  specific  heat,  was  determined  from  the  position  of  the  main  superlattice  peak  as 
a  function  of  temperature.  The  specific  details  of  this  technique  may  be  found  elsewhere[2,  3,  4]. 

The  staggered  magnetization  was  independently  studied  using  elastic  neutron  scattering  tech¬ 
niques.  The  neutron  scattering  measurements  were  made  at  the  Oak  Ridge  National  Laboratory 
High  Flux  Isotope  Reactor  on  a  triple-axis  spectrometer.  The  scattering  took  place  in  the  hor¬ 
izontal  plane  about  the  (100)  magnetic  peak.  The  data  of  the  m  =  n  =  4.5  sample  were  taken 
with  a  pyrolitic  graphite  monochromator  and  analyzer  at  an  energy  of  14mcV.  One  graphite 
filter  was  used  to  reduce  contamination  from  high  energy  neutrons.  For  the  m  =  26,  n  =  28 
sample,  a  graphite  monochromator  and  beryllium  analyzer  were  used.  Two  graphite  filters  were 
used  to  reduce  the  background  signal.  Transverse  peaks  were  resolution  limited  for  both  crystals, 
indicating  a  large  crystalline  coherence  in  the  directions  perpendicular  to  the  film  planes. 
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Figure  1;  Thermal  expansion  coefficient  a  along  the  [001]  direction  of  the  m  =  26,  n  =  28  sample, 
determined  from  x-ray  scattering  measurements.  The  solid  curve  represents  a  fit  to  a  rounded 
transition.  This  rounding  is  presumed  to  be  caused  by  the  step  disorder  in  the  superlattice, 
resulting  in  a  distribution  of  layer  thicknesses. 

EXPERIMENTAL  RESULTS 

Using  the  x-ray  and  neutron  scattering  techniques  described  above,  we  characterized  the  Ising- 
like  magnetic  ordering  taking  place  in  two  regimes  of  layer  thickness.  For  the  m  =  26,  n  =  28 
sample,  a  phase  transition  takes  place  at  Tfis  74A'  which  can  be  associated  with  the  ordering  in 
the  FeF]  layers.  This  can  be  seen  in  Fig.  1  for  the  x-ray  scattering,  which  shows  the  thermal 
expansion  coefficient  versus  T,  and  in  Fig.  2  which  shows  the  neutron  scattering  behavior  of  the 
staggered  magnetization.  The  x-ray  data  shown  in  Fig.  1  clearly  have  two  peaks,  both  of  which 
are  rounded.  In  order  to  obtain  T/v  as  74A',  the  higher  temperature  peak  was  fit  to  a  rounded 
3D-Ising  specific  heat  function.  This  function  is  represented  by  the  solid  curve.  The  rounding  was 
presumed  to  arise  from  the  step  disorder  present  in  the  samples,  causing  different  macroscopic 
FeFj  regions  to  have  different  transition  temperatures  due  to  finite-size  scaling.[3,  5).  The  basic 
form  a(T)  =  A±ll““|,  with  t  =  1  -  T/T/v  ,  a  =  0.11,  and  the  amplitude  ratio  A+/A-  =  0.54, 
corresponding  to  the  3D  Ising  model,  was  utilized. 

The  neutron  Bragg  scattering  intensity  is  well  described  by  the  power  law 

/  ~  (1) 

where  Af,  is  the  staggered  magnetization,  t  =  T/Tjv  -  1,  Tjv  =  72.5,  and  /)  =  0.325,  as  shown 
near  the  upper  transition  by  the  solid  curve  in  Fig.  2.  The  slight  discrepancy  between  the  Tn 
values  determined  from  x-rays  and  neutrons  is  probably  due  to  Che  uncalibrated  thermometer 
used  in  the  neutron  scattering  experiment.  We  also  show,  with  a  dashed  curve,  what  the  second 
rise  in  intensity  would  look  like  if  it  were  sharp  and  simply  added  to  the  intensity  from  the  higher 
transition.  The  observed  rise  at  lower  temperatures,  primarily  from  the  ordering  of  the  C0F2 
layers  with  the  staggered  field  from  the  FeF2  layers  imposed  at  the  layer  interfaces,  is  rounded 
over  a  range  of  temperature  of  approximately  15  K. 

The  m  =  n  =  4.5  sample  shows  only  one  clear  anomaly,  at  an  intermediate  temperature 
T  =  69.2 A*.  The  thermal  expansion  coefficient  is  shown  in  Fig.  3  and  the  neutron  Bragg  scattering 
intensity  versus  T  is  shown  in  Fig.  4.  This  sample  is  clearly  near  the  limit  in  which  the  two 
kind  of  layers  are  strongly  coupled.  There  is  some  rounding  of  the  transition,  presumably  due 
to  different  macroscopic  regions  with  slightly  different  values  of  m  and  n,  each  independently 
going  through  their  phase  transitions  at  slightly  diBerent  temperatures.  It  is  worth  noting  that 
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Figure  2:  Neutron  scattering  intensity  of  the  ( 100)  magnetic  peak  for  the  n  =  26,  m  =  28  sample. 
The  solid  curve  represents  a  fit  to  /  oc  |1|^^  with  t  =  T/Tn  -  1  and  /}  =  0.325.  The  dashed  curve 
represents  a  second  sharp  transition  added  to  the  intensity  of  the  solid  curve. 

the  rounding  of  the  neutron  scattering  data  cannot  he  due  to  background  fluctuations,  since  it 
has  been  experimentally  shown  that  critical  fluctuations  are  negligible[l].  For  both  the  neutron 
and  x-ray  data,  the  solid  curves  are  fits  to  appropriate  power  law  behaviors  with  a  Gaussian 
distribution  in  the  transition  temperature.  From  the  thermal  expansion  data,  the  rounding  was 
found  to  be  ST  =  2.2  K,  while  from  the  neutron  scattering  data  ST  =  2.3  K.  Both  fits  yield  a  value 
of  T/v  =  69.2.  However,  the  fitted  value  0  ~  0.42  is  not  in  agreement  with  the  well-known  3D 
Ising  value  0  =  0.325.  This  disagreement  could  be  explained  if  the  order  parameter  in  the  FeFj 
and  C0F2  layers  tended  to  grow  at  different  rates  below  Ts-  In  this  case,  the  intensity  »  mid  not 
follow  the  expected  power  law  behavior,  except  close  enough  to  T/j  .so  that  the  correlation  le..gth 
spans  the  entire  superlalticc  period.  This  hypothesis  is  being  tested  via  computer  modebng  of 
these  multilayers,  with  the  magnetic  interactions  at  the  interfaces  equal  to  the  geometric  mean 
of  the  two  intra-layer  interactions.!  11] 

DISCUSSION 

Clearly  the  FeF2  layers  attempt  to  order  first  as  the  temperature  is  lowered  since  bulk  FeF2 
has  a  higher  Ty  than  bulk  C0F2.  If  the  FeF2  layers  are  sufficiently  thick,  the  C0F2  regions  will 
only  weakly  affect  the  critical  behavior  in  FeF2  layers  In  this  case,  the  value  of  Tn  will  be 
lowered  only  slightly  by  the  presence  of  the  more  weakly  interacting  C0F2  layers.  On  the  other 
hand,  the  C0F2  layers  cannot  order  independently  of  the  FeF2  regions,  since  the  already  well 
ordered  FeF2  layers  will  act  on  the  Co'*"*’  spins  near  the  interfaces,  thus  producing  an  effective 
staggered  ordering  fiebl  on  the  C0F2  layers.  Just  as  in  the  case  of  a  ferromagnet  with  an  applied 
uniform  field,  the  antiferromagnetic  layers  with  the  effective  staggered  field  on  the  surface  spins 
will  not  experience  a  sharp  pha.se  tran.sition,  since  the  ordering  field  induces  spin  order  above 
Ti\i.  Since  the  strength  of  the  effect  of  one  kind  layer  on  the  other  will  depend  upon  the  number 
of  interface  spins  relative  to  the  spins  within  layers,  sufficiently  thick  C0F2  layers  will  be  only 
slightly  affected  by  the  FeF2.  Hence,  one  would  expect  a  slightly  rounded  transition  only  slightly 
elevated  in  temperature  (with  respect  to  Tv  for  bulk  roF2)  for  thick  C0F2  layers. 

As  the  layer  thicknesses  decrease,  the  behavior  of  the  two  kinds  of  layers  will  become  more 
interdependent.  In  the  extreme  limit  in  which  the  thicknesses  become  one  atomic  layer  (m  = 
n  =  1),  the  system  can  be  con.sidered  to  be  a  new  crystalline  structure  with  a  single  magnetic 
exchange  interaction.  Thus,  only  a  single  pha.se  transition  occurs,  with  no  remnant  of  a  second 
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Figure  1:  Thermal  expansion  coefficient  a  along  the  [001]  direction  of  the  m  =  26,  n  =  28  sample, 
determined  from  x-ray  scattering  measurements.  The  solid  curve  represents  a  fit  to  a  rounded 
transition.  This  rounding  is  presumed  to  be  caused  by  the  step  disorder  in  the  superlattice, 
resulting  in  a  distribution  of  layer  thicknesses. 

EXPERIMENTAL  RESULTS 

Using  the  x-ray  and  neutron  scattering  techniques  described  above,  we  characterized  the  Ising- 
like  magnetic  ordering  taking  place  in  two  regimes  of  layer  thickness.  For  the  m  =  26,  n  =  28 
sample,  a  phase  transition  takes  place  at  T»  74K  which  can  be  associated  with  the  ordering  in 
the  FeFj  layers.  This  can  be  seen  in  Fig.  1  for  the  x-ray  scattering,  which  shows  the  thermal 
expansion  coefficient  versus  T,  and  in  Fig.  2  which  shows  the  neutron  scattering  behavior  of  the 
staggered  magnetization.  The  x-ray  data  shown  in  Fig.  1  clearly  have  two  peaks,  both  of  which 
are  rounded.  In  order  to  obtain  T/v  »  74A',  the  higher  temperature  peak  was  fit  to  a  rounded 
3D-lsing  specific  heat  function.  This  function  is  represented  by  the  soUd  curve.  The  rounding  was 
presumed  to  arise  from  the  step  disorder  present  in  the  samples,  causing  different  macroscopic 
FeF]  regions  to  have  different  transition  temperatures  due  to  finite-size  scaling.[3,  5].  The  basic 
form  a(T)  =  A±|l““|,  with  t  =  1  —  T/Ts  ,  u  =  0.11,  and  the  amplitude  ratio  =  0.54, 

corresponding  to  the  3D  Ising  model,  was  utilized. 

The  neutron  Bragg  scattering  intensity  is  well  described  by  the  power  law 

/  ~  M.’ =  (1) 

where  M,  is  the  staggered  magnetization,  t  =  TfTn  -  1,  Tjv  =  72.5,  and  0  =  0.325,  as  shown 
near  the  upper  transition  by  the  solid  curve  in  Fig.  2.  The  slight  discrepancy  between  the  Tn 
values  determined  from  x-rays  and  neutrons  is  probably  due  to  the  uncalibrated  thermometer 
used  in  the  neutron  scattering  experiment.  We  also  show,  with  a  dashed  curve,  what  the  second 
rise  in  intensity  would  look  like  if  it  were  sharp  and  simply  added  to  the  intensity  from  the  higher 
transition.  The  observed  rise  at  lower  temperatures,  primarily  from  the  ordering  of  the  CoFj 
layers  with  the  staggered  field  from  the  FeFj  layers  imposed  at  the  layer  interfaces,  is  rounded 
over  a  range  of  temperature  of  approximately  15  K. 

The  m  =  n  =  4.5  sample  shows  only  one  clear  anomaly,  at  an  intermediate  temperature 
T  =  69. 2A’.  The  thermal  expansion  coefficient  is  shown  in  Fig.  3  and  the  neutron  Bragg  scattering 
intensity  versus  T  is  shown  in  Fig.  4.  This  sample  i.";  clearly  near  the  limit  in  which  the  two 
kind  of  layers  are  strongly  coupled.  There  is  some  rounding  of  the  transition,  presumably  due 
to  different  macroscopic  regions  with  slightly  different  values  of  m  and  n,  each  independently 
going  through  their  phase  transitions  at  slightly  different  temperatures.  It  is  worth  noting  that 


T 


337 


1 

t 

1 


20  40  60  80 

T(K) 


Figure  3:  Thermal  expansion  coefficient  o  along  the  jOOlj  direction  of  the  m  =  n  =  4.5  sample, 
determined  from  x-ray  scattering  measurements.  The  solid  curve  represents  a  fit  to  a  rounded 
transition.  This  rounding  is  presumed  to  be  cause<l  by  different  macroscopic  regions,  with  slightly 
different  values  of  m  and  n,  going  through  their  transition  at  slightly  different  temperatures. 


one,  and  the  transition  temperature  should  be  intermediate  between  the  bulk  ones. 

At  intermediate  layer  thicknesses,  one  would  expect  the  system  to  have  two  anomalies,  as 
long  as  the  strength  of  the  FeFj  layers’  magnetic  interactions  is  not  strong  enough  to  overcome 
the  disorder  in  C0F2  regions.  If  this  is  not  the  case,  a  single  transition  for  the  m  =  n  ^  1  system 
could  be  observed  for  sufficiently  small  values  of  m.  The  evolution  of  the  behavior  from  large  to 
small  layer  thickness  has  been  described  previo«sly(3,  b,  12). 

In  the  case  of  the  present  study,  we  find  that  for  the  rn  =  26,  n  =  28  sample,  the  neutron 
scattering  data  indicates  that  the  higher  temperature  dip  i.s  much  sharper  than  the  lower  tem¬ 
perature  one.  However,  the  position  of  the  thermal  expansion  peak  and  the  neutron  scattering 
dip  (T  ^  74  K),  which  is  about  4  K  lower  than  the  transition  temperature  of  bulk  and  single  thin 
film  FeFj,  indicates  that  the  CoFj  layers  indeed  affect  the  ordering  of  the  FeFa  regions.  On  the 
other  hand,  the  m  ^  n  s  4.5  sample  clearly  shows  a  single  rounded  transition,  indicating  that 
at  this  value  of  m  =  n,  the  FeF2  and  C0F2  regions  order  simultaneously.  Hence,  the  m  =  26, 
n  =  28  sample  belongs  to  the  intermediate  layer  regime.  Conversely,  the  m  =  n  =  4.5  sample  is 
clearly  in  the  thin  layer  regime. 


CONCLUSIONS 

We  have  presented  neutron  and  x-ray  scattering  data  for  multilayer  thin  films  (FeF2)m(CoF2)n 
for  two  layer  thickness  regimes.  The  m  =  26,  n  =  28  sample  shows  a  relatively  sharp  transition 
which  can  be  associated  with  the  ordering  of  the  FeF2  layers  and,  at  lower  T,  a  rounded  transition 
from  the  C0F2  layers.  The  rounding  is  from  the  staggered  field  imposed  by  the  ordered  FeF2 
layers.  The  sample  with  thin  layers,  m  =  n  =  4.5,  shows  only  one  transition  at  an  intermediate 
temperature,  but  does  not  yield  the  correct  value  for  the  exponent  0,  which  may  indicate  that 
the  order  parameter  grows  at  different  rates  in  the  two  layers  for  T  <  T^. 
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Figure  4;  Neutron  sratloring  intensity  of  the  (100)  inagueiif  peak  for  the  n  =  ?n  =  4  5  sample 
The  solid  curve  represents  a  til  to  a  rouiided  phase  transition  with  J  ~  0  42. 
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ABSTRACT 

High  moment  single  layer  FeTaN  films  with  excellent  soft  magnetic 
properties  have  been  grown  by  high  rate  reactive  dc  magnetron  sputtering.  The 
best  combination  of  properties  (easy  and  hard  axis  coercivities  <  1  Oe,  saturation 
magnetization  >  1650  emu/cc,  anisotropy  field  of  5  Oe,  and  initial  permeability  of 
4800)  are  found  in  films  containing  ~3.2  a/o  Ta  and  ~7.5  a/o  N  after  400°C 
annealing  in  a  200  Oe  dc  field  for  two  hours.  These  properties  are  associated  with 
a  single  phase,  random,  nanocrystalline  structure  consisting  of  a-Fe  crystallites 
(grain  size  of  ~  tOOA)  whose  lattice  is  expanded  by  both  Ta  and  N. 


1.  INTRODUCTION 

Materials  for  thin  film  recording  heads  must  exhibit  a  liifficult  to  achieve 
combination  of  physical  properties  including  high  saturation  magnetization  (M^), 
low  coercivity  (He),  high  permeability  at  high  frequency,  and  near  zero 
magnetostriction  (X).  Thermal  stability  and  corrosion  and  wear  resistance  are  also 
important.  FeN-based  films  have  received  considerable  recent  attention  because 
Fe  itself  has  an  Ms  (1710  emu/cc)  higher  than  that  of  the  presently  used  permalloy, 
sendusl,  and  Co-based  amorphous  alloys.  The  incorporation  of  nitrogen  into  Fe 
films  refines  the  grain  size,  inhibits  grain  growth,  and  expands  the  bcc  a-Fe  lattice, 
which  in  turn  are  associated  with  low  He,  high  Ms  films(1].  Grain  growth 
(accompanied  by  an  increase  in  He)  can  still  be  a  problem  when  annealing  simple 
FeN  films  (those  without  third  element  additions).  The  addition  of  Ta  is  also  found 
to  inhibit  grain  growth  even  at  high  annealing  temperatures.  Ta  has  been  added 
to  FeN-based  films  in  botfi  small  (~2  a/o[21)  and  large  (8-13  a/o[3])  amounts  and 
found  to  improve  soft  magnetic  properties  and  enhance  corrosion  resistance.  In 
this  study,  the  effects  of  nitrogen  flow  rate  and  annealing  treatment  on  the  structure 
and  magnetic  properties  of  FeTaN  films  containing  3.2  a/o  Ta  grown  by  high  rate 
dc  magnetron  reactive  sputtering  are  examined.  The  soft  magnetic  properties  of 
these  films  are  very  promising  for  magnetic  head  applications  and  are  significantly 
better  than  those  found  in  ou-  previous  study(4]  of  FeTaN  films  containing  1.6  a/o 
Ta  and  are  comparable  to  the  best  single  layer  FeN-based  films  in  the  literature[5- 
7]. 


2.  EXPERIMENTAL  V.ETHODS  AND  MATERIALS 

Single  layer  FeTaN  films  were  grown  at  ambient  temperature  by  reactive  dc 
magnetron  sputtering  (Vac-Tec  Model  250  Sputtering  System).  A  hot-pressed  Fe 
-10  w/o  Ta  target  which  produces  films  containing  3.2  atomic  percent  Ta  was  used. 
All  films  were  made  at  a  fixed  sputtering  power  of  300W,  fixed  Ar  pressure  of  3 
mtorr,  but  variable  Ng  flow  rate  (in  seem).  The  nitrogen  content  of  the  films  varies 
linearly  with  flow  rate  in  the  range  studied  (~0.36  a/o  N  per  seem  Ng).  These 
conditions  produced  growth  rates  of  ~  lOOOA  /  minute;  films  were  sputtered  for  5 
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minutes.  Si(1 1 1 )  wafers  with  a  base  layer  of  ~  34A  of  sputtered  Si02  were  used  as 
substrates.  Films  were  grown  in  an  aligning  field  of  ~  70  Oe  to  induce  a  uniaxial 
anisotropy.  We  report  on  both  as-deposited  and  field-annealed  samples  (~400°C 
for  2  hours  in  a  200  Oe  aligning  field  at  10'^  torr).  Magnetic  properties  were 
measured  with  a  Digital  Measurement  Systems  VSM  Model  880  and  a  SHB 
Instruments  Model  106  loop  tracer.  Permeability  was  measured  by  a  swept 
frequency-type  permeameter.  Composition  was  determined  by  x-ray  flourescence. 
X-ray  diffraction  was  performed  on  a  Rigaku  D/Max-2BX  XRD  System. 


3.  EXPERIMENTAL  RESULTS 
3.1.  Magnetic  Properties 

Figure  la  illustrates  the  dependence  of  coercivity  on  N2  flow  rate  in  easy 
and  hard  axis  directions.  Coercivity  decreases  with  increasing  N2  flow  rate. 
Nitrogen  flow  rates  of  15  and  20  seem  produce  the  softest  films  (consistently  <  1 
Oe).  Previous  work[4]  has  shown  that  FeTa  films  with  no  nitrogen  exhibit 
coercivities  >  10  Oe  (which  do  not  improve  on  annealing)  and  that  soft  magnetic 
properties  deteriorate  at  flow  rates  above  20  seem.  The  well  defined  uniaxial 
anisotropy  caused  by  an  external  field  should  reduce  magnetization  dispersion 
effects  and  improve  soft  magnetic  properties.  In  addition,  the  smoothness  of  the 
surface  of  the  substrate  also  has  a  considerable  effect  on  the  magnetic 
properties[8].  Relatively  small  decreases  in  coercivity  are  noted  following  the 
annealing  for  the  films  with  N2  addition,  however  for  the  films  with  no  nitrogen.  He 
increases  from  5  Oe  to  12  Oe,  which  indicates  that  the  thermal  stability  of  FeTaN 
films  were  improved  due  to  the  combined  effect  of  N  and  Ta  atoms  in  the  films.  The 
effect  of  nitrogen  flow  rate  on  the  anisotropy  field,  Hk.is  plotted  in  Fig.  1b.  Hk 
increases  from  7  to  12  Oe  with  nitrogen  flow  in  the  as-deposited  state.  Annealing 
in  a  200  Oe  field  has  a  much  larger  effect  on  Hk  than  on  Hq.  Following  the 
annealing  an  Hk  of  4-5  Oe  is  found  which  is  basically  insensitive  to  nitrogen  flow 
rate  (in  the  range  examined  here).  The  decrease  of  Hk  after  annealing  is  probably 
related  to  the  ease  of  nitrogen  diffusion  and  the  relaxation  of  the  film  stress. 

Figure  2a  illustrates  the  dependence  of  saturation  magnetization,  Mj,  on  Nz 
flow  rate.  Note  that  in  the  as-deposited  state  Ms  consistently  exceeds  that 
expected  for  pure  Fe  (-1710  emu/cc).  This  effect  has  been  observed  repeatedly 
and  may  be  associated  with  expansion  of  the  Fe  lattice[1].  Uncertainty  in  film 
thickness  and  film  area  measurement  can  lead  to  a  maximum  error  in  Ms  of  or  - 
10%.  After  annealing  the  magnetization  is  reduced  but  still  exceeds  1650  emu/cc 
for  the  15  and  20  seem  nitrogen  flow  rates.  The  initial  permeability  and  (50,  the 
frequency  at  which  initial  permeability  drops  to  50%  of  its  low  frequency  value  is 
plotted  in  Figure  2b.  The  permeability  at  high  N2  flow  rate  is  strongly  influenced  by 
annealing.  There  is  a  trend  of  increasing  p  with  nitrogen  flow  rate  for  annealed 
samples  reaching  a  maximum  of  4800  for  20  seem  Nz.  The  frequency  response  of 
permeability  can  not  be  fully  explained  by  the  classical  eddy  current  model,  which 
is  probably  due  to  domain  wall  movement  process  fso  for  the  best  film  is  1 60  MHZ. 
We  have  recently  reported  on  the  magnetostriction,  Xs,  of  FeTaN  films  in  a  separate 
paper[9]  and  therefore  only  summarize  the  trends  observed  for  this  set  of  films.  This 
issue  is  also  addressed  in  a  companion  paper  in  these  proceedings[l0].  In  as- 
deposited  films  Xs  increases  roughly  linearly  with  nitrogen  flow  from  -3  x  10  ®  (at  0 
seem  Nz)  to  +  8  X  10  ®  (at  20  seem  Nz).  Unfortunately,  near  zero  X^  occurs  at  lower 
flow  rates  (-5  seem)  than  those  needed  for  optimization  of  other  soft  magnetic 
properties.  Xs  is  surprisingly  insensitive  to  annealing  at  temperatures  up  to 
~400°C. 
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Figure  1 .  Magnetic  properties  of  FeTaN  films  as  a  function  of  Ng  flow  rate  in  as- 
deposited  and  annealed  states;  a)  coercivity.  He.  and  b)  anisotropy  field,  Hk- 


Figure  2.  Magnetic  properties  of  FeTaN  films  as  a  function  of  Ng  flow  rate  in  as- 
deposited  and  annealed  states;  a)  saturation  magnetization.  Ms,  and  b)  initial 
permeability,  p,  and  roll  of  frequency  at  50%  of  initial  permeability,  fso- 
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3.2,  Structure 

Representative  6-20  XRD  scans  for  annealed  FeTa  (0  seem  Na)  and  FeTaN 
(20  seem  Na)  are  plotted  in  Fig.  3a  and  3b,  respectively.  Without  nitrogen  (Fig.  3a) 
FeTa  films  exhibit  strong  (110)  growth  texture.  The  films  are  single  phase  bee  with 
Ta  Dissolved  substitutionally  in  the  a-Fe  lattice.  Note  that  3.2  %  Ta  exceeds  the 
equilibrium  stability  of  less  than  1  %,  but  this  is  not  unusual  in  sputtered  films.  No 
evidence  was  found  for  Fe-Ta  compounds.  In  the  insert  of  Fig.  3a  a  texture 
analysis  (TA)  scanfll]  is  plotted  which  quantifies  the  degree  of  (110)  texture  by 
measuring  the  angular  distribution  of  (110)  crystallite  pioles  about  the  normal  to  the 
substrate.  A  scan  with  20  fixed  on  the  (211)  peak  while  the  incidence  angle  a  is 
varied  is  used  in  this  experiment.  The  width  of  the  observed  peak'  indicates  that 
most  of  the  textured  FeTa  crystallites  are  oriented  within  '8°  of  the  ideal  position 
(expected  at  a  =  10.2°).  When  nitrogen  is  added  to  the  films  (Fig.  3b)  the  (110) 
peak  shifts  to  lower  angles  (due  to  lattice  expansion)  and  decreases  in  intensity 
and  broadens  (attributed  primarily  to  a  decrease  in  grain  size).  No  evidence  is 
found  for  Fe-Ta,  Fe-N,  or  Ta-N  compounds  despite  the  annealing  treatment  at 
AOO^’C.  The  insert  in  Fig.  3b  shows  very  little  evidence  of  (110)  texture.  Also,  the 
position  of  the  shallow  'peak'  in  the  TA  scan  is  far  from  the  expected  maximum  at 
10.8°.  XRD  analyses  at  intermediate  Ng  flow  rates  show  a  systematic  decrease  in 
(110)  growth  texture  with  increasing  Ng  flow  . 


20  (deg) 


20  (deg) 


Figure  3.  0-20  XRD  patterns  and  texture  analysis  scans  (inserts);  a)  annealed  FeTa 
film  (no  nitrogen),  and  b)  annealed  FeTaN  film  (20  seem  Ng). 
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It  has  been  found  that  the  soft  magnetic  properties  of  Fe-based  nitride  films 
are  attributed  to  the  decrease  in  the  effective  magnetic  anisotropy  caused  by  small 
grain  size  and  an  appropriate  amount  of  lattice  strain  which  are  correlated  with  the 
addition  of  N[12].  Figure  4a  illustrates  the  dependence  of  the  lattice  spacing  of 
(110)  planes,  duo,  on  nitrogen  flow  rate  calculated  from  (1 10)  peak  positions  on  6- 
26  XRO  scans.  A  roughly  linear  increase  in  di  io  with  nitrogen  flow  is  noted,  which 
indicates  the  incorporation  of  nitrogen  in  the  films.  Annealing  causes  a  systematic, 
uniform  reduction  in  lattice  spacing.  This  contraction  is  most  likely  associated  with 
stress  relaxation  and  miscellaneous  defect  annihilation  processes.  The  average 
grain  size  estimated  from  the  FWHM  of  the  (110)  peaks  is  plotted  as  a  function  of 
Na  flow  rate  in  Fig.  4b.  The  calculated  grain  size  should  be  viewed  as  a  minimum 
(i.e.,  all  broadening  is  assumed  to  be  due  to  grain  size  decrease).  The  grain  size 
of  annealed  samples  reaches  a  minimum  of  ~100A  at  20  seem.  The  apparent 
increase  in  grain  size  on  annealing  is  due  at  least  in  part  to  peak  sharpening 
arising  from  defect  anihilation  and  stress  relief  and  may  not  indicate  true  grain 
growth. 


O 
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Figure  4.  Structure  of  FeTaN  films  as  a  function  of  N2  flow  rate  in  as-deposited  and 
annealed  states:  a)  lattice  spacing  of  (1 10)  planes,  duo,  ^^d  b)  grain  size. 


4.  CONCLUSIONS 

High  moment  single  layer  FeTaN  films  with  excellent  soft  magnetic 
properties  have  been  successfully  grown  from  a  hot-pressed  Fe  -  10  w/o  Ta  by 
high  rate  reactive  dc  magnetron  sputtering  onto  Si(1 1 1 )  wafers  precoated  with  34A 
of  sputtered  Si02.  Soft  magnetic  properties  in  FeTaN  films  depend  strongly  on  the 
nitrogen  content  in  the  films  and  on  the  annealing  process.  The  coexistence  of  N 
and  Ta  atoms  play  an  important  role  in  improving  the  soft  magnetic  properties  and 
thermal  stability  of  FeTaN  films.  The  best  combination  of  properties  (easy  and  hard 
axis  coercivities  <  1  Oe,  saturation  magnetization  >  1650  emu/cc,  anisotropy  field 
of  5  Oe,  and  initial  permeability  of  4800)  are  found  in  films  containing  -3.2  a/o  Ta 
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and  ~7.5  a/o  N  after  400°C  annealing  in  a  200  Oe  dc  field  for  two  hours.  X-ray 
diffraction  studies  suggest  that  these  properties  are  associated  with  a  single  phase, 
random,  nanocrystalline  structure  consisting  of  a-Fe  crystallites  (grain  size  of  ~ 
tOOA)  whose  lattice  is  expanded  by  both  Ta  and  M.  Well  defined  magnetization 
induced  anisotropy  as  well  as  the  smoothness  of  the  substrate  are  also  important 
in  improving  the  soft  magnetic  properties  of  the  films. 
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ABSTRACT 

Magnetostriction  and  thin  film  stress  have  been  studied  in  high  moment 
single  layer  FeTaN  films  deposited  by  high  rate  reactive  dc  magnetron  sputtering. 
Low  magnetostriction  (  magnitude  less  than  1  x  10'^ )  can  be  obtained  over  a  fairly 
large  range  of  nitrogen  flow  rates  during  film  deposition  by  vacuum  annealing  at 
500°C.  After  annealing  at  500°C  for  two  hours,  all  films  were  found  to  be  in  a  state 
of  tensile  stress.  Stress  versus  temperature  measurements  up  to  400°C  show  film 
stress  in  as-deposited  films  to  be  highly  hysteretic  during  the  first  temperature  cycle 
reflecting  the  films'  processing  history.  Stress-temperature  cycles  on  annealed 
samples  indicate  that  extremely  stable  films  are  produced  in  an  intermediate  range 
of  nitrogen  content. 


1.  INTRODUCTION 

As  coercivities  in  recording  media  increase,  a  growing  emphasis  has  been 
placed  on  developing  materials  with  a  high  saturation  magnetization  for  high 
density  magnetic  recording  heads.  Potential  materials  must  also  exhibit  a  low 
coercivity,  high  permeability,  small  magnetostriction,  and  suitable  corrosion  and 
thermal  properties.  Because  of  their  high  moment,  FeN-based  materials  have 
been  examined  and  show  considerable  potential  tor  application  in  high-density 
thin  film  recording  heads.  The  addition  of  small  amounts  of  Ta  to  the  FeN  films  has 
been  shown  to  improve  the  soft  magnetic  properties  and  enhance  corrosion 
resistance  in  these  films[1-3]. 

Domain  structure  is  extremely  important  in  optimizing  the  prerformance  of  the 
thin  film  recording  head.  The  magnetoelastic  anisotropy,  which  is  proportional  to 
the  product  of  the  magnetostriction  and  film  stress,  is  used  to  control  the  domain 
structure  in  thin  film  heads.  The  interrelationship  and  importance  of  stress  and 
magnetostriction  has  recently  been  addressed[4].  In  this  paper,  the  dependence  of 
magnetostriction  and  film  stress  on  deposition  conditions  and  annealing  are 
examined  in  FeTaN  films.  In  a  companion  paper[5]  we  report  on  the  very 
promising  soft  magnetic  properties  of  a  similar  set  of  FeTaN  films. 


2.  EXPERIMENTAL  METHODS 

Single  layer  FeTaN  films  were  deposited  on  glass  substrates  at  ambient 
temperature  by  dc  magnetron  reactive  sputtering  in  a  Vac-Tec  Model  250  Batch 
Side  Sputtering  System.  The  hot  pressed  Fe  target  contained  approximately  10 
w/o  Ta  which  produced  films  containing  3.2  a/o  Ta.  The  thickness  of  the  films  in 
this  study  is  ~420  nm;  deposition  rates  were  1-1.5  nm/sec.  The  Ar  flow  rate  was  set 
at  60  seem  and  the  N2  flow  rate  varied  from  0  to  25  seem.  The  N  content  in  the 
films  increased  linearly  with  N2  flow  rate  (approximately  0.36  a/o  N  per  seem  N2). 
Vacuum  annealing  at  500°C  was  performed  at  ~10  ®  torr.  Magnetostriction  was 
measured  in  an  AC  magnetostriction  tester  based  on  a  design  by  Tam  and 
Scroeder[6].  Film  stress  was  measured  on  a  FLEXUS  2320  thin  film  stress 
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measurement  system  with  built  in  annealing  capabilitites.  Film  structure  was 
studied  by  x-ray  diffraction  on  a  Rigaku  D/Max-2BX  XRD  System. 


3.  EXPERIMENTAL  RESULTS 
3.1  Structure 

Details  of  the  structure  of  FeTaN  films  can  be  found  in  a  companion  paper  in 
these  proceedings(5].  In  the  as-deposited  state  FeTaN  films  consist  of  single  phase 
polycrystalline  a-Fe  with  Ta  and  N  in  solution,  which  changes  from  (110)  preferred 
growth  texture  for  FeTa  films  (at  0  seem  N2)  to  a  more  random,  finer  grained 
structure  as  the  N2  flow  rate  increases.  An  increase  in  the  d(1 10)  lattice  spacing 
with  Nj  flow  rate  is  attributed  to  the  incorporation  of  nitrogen  in  the  films.  After 
annealing  at  500°C  for  2  hours,  grain  growth  occurs.  d(1 1 0)  spacing  decreases 
due  to  film  densification  and  redistribution  of  N  atoms.  Iron  nitrides  were  observed 
after  annealing  for  films  prepared  at  high  nitrogen  flow  rates  of  20  and  25  seem. 
Films  prepared  at  20  seem  consist  predominantly  of  a-Fe  with  small  amounts  of  e- 
Fe2.3N.  For  films  prepared  at  25  seem,  one  diffraction  peak  appears  (20=44.05°) 
which  cannot  be  unequivocally  associated  with  a  particular  Fe-N  compound.  This 
peak  could  be  attributed  to  partially  ordered  martensite.  Small  amounts  of 
amorphous  TaN  might  also  form  in  the  annealed  films  which  is  not  detected  by 
XRD.  Fig.  1  illustrates  the  effect  of  annealing  on  a  high  nitrogen  FeTaN  film. 


a.2  Magnfltostriction 


In  previous  work{7],  we  have  shown  that  the  saturation  magnetostriction  in 
aS'deposited  FeTaN  films  is  dependent  on  film  thickness  and  increases  linearly 
from  negative  to  positive  with  increasing  nitrogen  content,  passing  through  zero 
magnetostriction  at  a  nitrogen  flow  rate  of  approximately  5  seem  for  films  of 
thickness  400  nm.  Annealing  at  300‘‘C  in  vacuum  did  not  affect  the 
magnetostriction  in  these  films.  Unfortunately,  this  zero  point  in  the 
magnetostriction  does  not  coincide  with  the  optimal  conditions  for  coercivity  which 
occurs  at  the  higher  nitrogen  flow  rates(5}.  In  an  effort  to  improve  the  range  of  low 
magnetostriction,  high  temperature  annealing  at  500°C  was  conducted  on  the 
FeTaN  films. 

The  effect  of  the  annealing  on  magnetostriction  is  shown  in  Fig.  2. 
Magnetostriction  in  as-deposited  films  passes  through  zero  at  nitrogen  flow  rates  of 
less  than  5  seem.  The  range  of  low  magnetostriction  (less  than  1  x  10-®)  occurs 
only  over  a  very  narrow  range  of  nitrogen  flow  rates.  After  annealing,  the 
magnetostriction  is  shifted  downwards  and  the  slope  decreased.  This  has  the 
effect  of  moving  the  zero  point  of  magnetostriction  to  higher  nitrogen  flow  rates  and 
greatly  increasing  the  range  of  low  magnetostriction. 

The  change  in  magnetostriction  with  annealing  may  be  due  to  grain  grov^h 
that  occurs  at  the  higher  annealing  temperatures.  This  grovrth  might  increase  the 
amount  of  crystalline  grains  with  (110)  orientation  which  have  an  average  negative 
magnetostriction  at  the  expense  of  randomly  oriented  grains  and  the  disordered 
material  at  the  grain  boundaries  which  has  a  more  positive  magnetostriction. 
Magnetostriction  could  also  be  affected  by  nitrogen  leaving  the  iron  lattice  during 
annealing  and  migrating  to  grain  boundaries  or  being  incorporated  info  small 
amounts  of  Fe-N  or  TaN  phases  that  may  not  be  detectable  by  x-ray 
measurements.  In  high  nitrogen  flow  rate  samples  a  solid  state  reaction  is  noted 
on  annealing  in  Fig.  1. 


Figure  2.  Magnetostriction  versus  nitrogen  flow  rate  for  FeTaN  films  (as-deposited 
and  annealed).  Lines  mark  the  region  where  the  magnitude  of  the 
magnetostriction  is  less  than  1  x  10  ®. 
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3.3  Film  Stress 

Room  temperatutB  film  stress  versus  nitrogen  flow  rate  in  both  as-deposited 
and  annealed  FeTaN  films  is  plotted  in  Fig.  3.  As-deposited  films  gradually  change 
from  a  state  of  tension  to  compression  with  increasing  N  content.  This  trend  is 
associated  with  the  systematic  increase  in  lattice  parameter  as  N  is  incorporated  in 
the  Fe(Ta)  lattice.  Following  anneal  all  films  are  in  a  state  of  tension.  The  change 
in  stress  due  to  annealing  is  roughly  proportional  to  the  as-deposited  nitrogen  flow 
rate.  It  has  been  suggested  that  annealing  in  this  temperature  range  promotes  the 
formation  of  TaN  thus  removing  some  of  the  interstitial  N  from  the  Fe  lattice[4]. 


Figure  3.  Film  stress  versus  nitrogen  flow  rate  for  FeTaN  films 
(as-deposited  and  annealed). 


3,4  Stress  versus  Temperature 

Stress  versus  temperature  (o-T)  experiments  utilize  the  difference  in  thermal 
expansion  between  the  film  and  substrate  to  study  the  mechanical  properties  of 
thin  films.  The  interpretations  presented  here  rely  on  an  excellent  general  review 
of  thin  film  mechanical  properties  by  Nix[8j.  o-T  plots  for  as-deposited  films  exhibit 
features  which  are  characterist'c  of  the  processing  history  of  the  sample  (i.e.,  they 
say  as  much  about  the  effects  of  sputtering  as  about  the  inherent  properties  of  the 
films).  In  the  top  row  of  Fig.  4  the  effect  of  N  content  on  as-deposited  o-T  cycles  is 
illustrated.  The  large  stress  relaxations  beginning  in  the  range  270-300°C  are 
related  to  densification  (perhaps  combined  with  plastic  deformation)  of  the  as- 
deposited  films.  There  is  a  notable  and  systematic  decrease  in  the  magnitude  of 
the  slope  do/dT  on  heating  with  increasing  N.  The  large  spike  in  the  o-T  plot  for  a 
high  N  film  (25  seem)  may  be  related  to  a  phase  transformation.  Cooling  of  all  the 
as-deposited  films  leaves  them  in  a  state  of  tension. 
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Figure  4,  Film  stress  as  a  function  of  temperature  for  as-deposited  and  annealed 
FeTaN  films.  Open  circles;  stress  during  heating.  Closed  circles:  cooling. 

By  contrast,  the  o-T  plots  for  pre-annealed  films  (bottom  row)  are  very 
different  and  are  related  more  directly  to  the  intrinsic  properties  of  tne  films.  Notice 
that  all  pre-annealed  films  are  in  a  state  of  tension  which  increases  with  N.  Without 
N,  simple  FeTa  films  deform  elastically  on  heating  to  ~3300C.  Slight  yielding  in 
compression  begins  at  roughly  -2x10®  dynes/cm2.  On  cooling  the  difference  in 
thermal  expansion  is  accomodated  elastically  (ignoring  the  discontinuity  at 
--240OC)  until  strengthening  occu(S  at  ~100°C.  At  moderate  nitrogen  flow  rates  (10 
seem)  the  film  deforms  completely  elastically.  This  film  is  extremely  stable.  Note 
that  the  elastic  portions  of  the  heating  and  cooling  curves  for  both  0  and  1 0  seem 
films  are  parallel.  For  high  nitrogen  flows  (25  seem)  very  different  and  complex 
behavior  is  observed.  The  change  in  slope  at  270oC  on  heating  that  occurs  as  the 
film  tension  is  being  relieved  is  difficult  to  explain.  It  may  be  related  to  formation  of 
a  phase  with  a  smaller  molar  volume  than  the  rest  of  the  film.  Continued  heating 
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above  ~330°C  further  relieves  the  tensile  stress.  On  cooling  of  the  high  nitrogen 
film  do/dT  is  very  different  from  that  found  on  heating,  most  likely  reflecting  a 
permanent  change  in  Young's  modulus  due  to  solid  state  phase  change.  The  high 
nitrogen  content  FeTaN  film  is  significantly  less  stable  than  the  film  with  a  moderate 
N  content  (10  seem). 


4.  SUMMARY 

The  influence  of  nitrogen  content  and  annealing  treatment  on  the 
magnetostriction  and  stress  in  FeTaN  films  has  been  studied.  Low  values  of 
magnetostriction  over  a  broad  nitrogen  content  can  be  achieved  by  annealing  at 
SOO^C.  As-deposited  FeTaN  films  exhibit  highly  hysteretic  o-T  plots  which  are 
strongly  affected  by  nitrogen  content.  Annealing  at  SOO^C  effectively  stabilizes  the 
mechanical  properties  of  FeTaN  films  with  intermediate  N  contents.  These  films 
exhibit  essentially  perfectly  elastic  behavior  in  temperature  cycling  to  400°C. 
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ABSTRACT 

Ferrimagnetic  oxide  films  have  been  shown  to  have  potential  for  use  a.s  magneto¬ 
optical  information  storage  materials.  Cobalt  ferrite  films  are  particularly  interesting  for 
magneto  optical  information  storage  due  to  their  high  magneto  optical  rotation  1 1)  In  this 
work,  .synthe.sized  soluble  cobalt  (II)  and  iron  (III)  methoxyethoxides  were  mixed  in 
stoichiometric  ratios  for  u.se  as  Co  and  Fe  precursors  in  the  preparation  of  CoFe.O^ 
ferrimagnetic  films.  The  decomposition  of  the  precursors  was  characteri/ed  by 
thermogravimetric  analysis. 

CoFe,04  films  were  prepared  by  the  dip  coating  technique  using  fu.sed  silica 
substrates.  The.se  films  were  then  heat  treated  at  temperatures  ranging  from  2(K)  C  to  6<K)  C 
to  study  the  transformation  from  an  amorphous  film  to  a  crystalline  film  as  determined  by 
x-ray  diffraction.  The  magnetic  hystere.sis  behavior  of  the  films  as  a  function  of  heat  treating 
temperature  and  hence  crystallinity  was  also  studied.  As  a  general  trend,  films  having  a 
greater  degree  of  crystallinity  exhibited  larger  values  of  .saturation  magnetization  and 
remanent  magnetization.  The  amorphous  film  was  found  to  exhibit  the  highest  coercive  field, 
but  low  values  of  .saturation  and  remanent  magnetization.  The  effect  of  heat  treating  under 
the  influence  of  a  magnetic  field  of  1.88  kOe  was  found  to  enhance  crystallization  only 
slightly  and  had  very  little  effect  on  the  magnetic  properties  of  the  film. 


INTRODUCTION 

Materials  generally  u.sed  for  magneto  optical  recording  are  amorphous  ran.'  earth- 
transition  metal  compounds,  but  these  materials  exhibit  low  polar  Kerr  contrast  (0^<().4  ) 
when  compared  to  cobalt  ferrite  films  (0k>O.5°)  |2..1|.  Advantages  are  that  oxide  films  have 
greater  corrosion  resistance,  are  very  reproducible  and  are  typically  le.ss  expensive. 
Amorphous  oxide  films  offer  the  additional  advantage  that  the  absence  of  grain  boundaries 
reduces  media  noise  12|. 

Ferrimagnetic  thin  films  arc  of  interest  for  a  number  of  novel  applications  including, 
but  not  limited  to  magneto-optical  recording,  .spatial  light  modulators  and  magneto  elastic- 
devices.  Many  deposition  methods  have  been  investigated  including  epitaxial  growth  14]. 
spray  pyrolysis  [31,  sputtering  [5|  and  double  source  evaporation  [6],  however  the.se  methods 
require  expensive  and  elaborate  equipment,  continual  atmo.sphcre  control  and  long  deposition 
times.  NiO  and  CoO  have  recently  been  .sputtered  by  Berkowitz  [7|  and  FcjO^  and  NiO  using 
reactive  MBE  by  Lind  [8]  with  relatively  high  deposition  rates  of  2.11-2.5  A/sec.  However, 
the.se  techniques  are  still  limited  to  single  component  systems.  Multicomponent  sy.stems  with 
controlled  stoichiometry  can  not  be  easily  made.  Conversely,  sol  gel  proce.ssing  can 
overcome  many  of  the  problems  associated  with  the  synthesis  of  multicomponent  sy.stems. 
Sol  gel  processing  routes  offer  several  advantages  over  conventional  processing  routes 
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including  improved  homogeneity  hy  mixing  at  the  molecular  level  in  solution,  reduced 
pr(X.'e.s.sing  temperature.s  which  allow  lor  the  synthesi.s  ol  novel  malenals.  and  an  economical 
means  by  which  to  achieve  films  of  desired  compi>siti»n  with  the  added  benelii  ol  east.-  ol 
fabrication. 

In  this  work,  sols  obtained  hy  the  controlled  hydrolysis  and  condcn.salion  of  a  metal 
alkoxide  precursor  .solution  were  u.scd  to  dip  coat  thin  I'ilms  of  CoFe.()4  onto  fused  silica 
substrates.  The  decomposition  ol'  the  precursor  was  studied  using  i’  .‘rmogravimeiric  analysis. 
In  addition,  the  effects  of  the  application  of  a  I.XK  k()e  magnetic  field  during  finng  and 
increasing  the  heat  treating  temperature  from  2(K)"C  to  WKf  C  on  the  crystallinity  of  the  films 
wen;  studied  using  x-tay  diffraction.  The  rc.sults  of  magnetic  property  measurements  are 
reported  for  these  films. 


EXPERIMENTAL 

Co  (II)  and  Fe  (III)  methoxyethoxides,  synthesized  and  characterized  in  earlier  work 
19|,  were  used  as  the  starting  precursors.  The  metal  ion  concentration  in  the  Co  (II)  solution 
was  determined  by  the  gravimetric  method  de.scrihed  by  Kodama  |  lO).  Using  this  method, 
the  Co  concentration  was  found  to  be  0.(K)75  g/ml  solution.  Because  it  is  more  difficult  to 
determine  Fe  (III)  concentration  in  .solution  via  the  gravimetric  method,  an  oxidation- 
reduction  titration  using  potassium  permanganate  as  the  titrant  was  performed  as  described 
by  Skoog  and  West  (I  l|.  The  concentration  of  Fe  (III)  in  .solution  was  found  lo  be  0,0174 
g/ml  solution. 

The  Fe-Co  coating  solution  was  prepared  by  mixing  the  Fe  and  Co  alkoxides  in  a  2;  I 
stoichiometric  molar  ratio  followed  by  reHuxing  for  two  hours.  The  resulting  solution,  after 
cooling,  was  stored  in  a  tightly  scaled  container  at  room  temperature  and  did  not  gel  over  a 
month  period.  This  .solution  was  u.sed  for  coating. 

Films  were  prepared  by  dip  coaling  fu.sed  silica  or  .silicate  gla.ss  slides  in  the  solution 
with  a  withdrawal  rate  of  approximately  7  cm/min.  The  film  was  dried  at  1 10  C  for  I  hour 
after  each  coat  and  the  prcxiedure  was  repeated  to  obtain  films  of  the  desired  thickness.  The 
films  were  then  fired  in  air  with  a  healing  and  cooling  rate  of  2  C/hour  after  multiple  coals. 
Films  u.sed  in  this  study  were  dip  coated  a  total  of  ten  limes. 

Thermogravimelric  analysis  (TGA)  of  the  Fe  and  Co  precursors  was  performed  using 
a  Perkin  Elmer  thermal  analysis  data  .sy.stem.  The  temperature  was  increased  from  .SO  C  to 
9(K)“C  at  a  rate  of  IO'’C/minute. 

The  crystallinity  of  the  films  was  determined  by  x-ray  diffraction  All  spectra  were 
collected  with  a  diffractometer  using  Cu  Ka  radiation  (X  =  1.5418  A).  The  x-ray  intensity 
was  collected  for  50  .seconds  at  steps  of  0.04  degrees  from  25"<2©<70\ 

The  magnetic  properties  of  the  films  were  measured  with  a  Riken  Electric  Company 
vibrating  .sample  B-H  curve  tracer  using  an  applied  field  of  5  kOe  oriented  parallel  to  the 
film.  All  measurements  were  made  at  room  temperature. 


RESULTS  AND  DISCUSSION 

Thermal  decomposition  of  the  precursor  solutions  was  followed  using 
thermogravimetric  analysis.  The  gravimetric  data  indicates  that  the  majority  of  .solvent  and 
organic  components  are  removed  by  4(X)X  as  .shown  in  Figure  1 .  In  the  ca,se  of  the  Co- 
methoxyethoxide,  weight  loss  at  approximately  1  lOX  corresponds  lo  the  removal  of  solvent. 
Total  weight  loss  for  the  Co-Fe  precursor  was  approximately  259f.  The  weight  of  the 
precursors  is  stable  over  the  temperature  range  of  400“C  to  8(X)°C.  At  8(X)''C  a  small  weight 
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loss  is  observed  and  is  an  indication  of  a  change  of  oxidation  state  of  the  metal  ions  thereby 
changing  the  oxygen'tnelal  stoichiometry  although  measurements  to  confirm  this  have  not 
been  made.  It  has  been  reported  in  the  literature  that  changes  in  stoichiometry  effect  the 
magnetocrystalline  anisotropy  |12|. 
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Figi  I  IGA  data  of  precursor  .solutions  collected  using  a  healing  rak  ill  lO  '  min. 


Class  slides  were  u.sed  as  substrate  material  initially  beeau.se  the  thermal  expansion 
coefficient  of  CoFe.Oj  (a  =  (1.7  x  1()‘  rC)  ( I3|  is  very  similar  to  that  of  slide  glass  (a  =  ‘■ 
X  10  ‘  /"O  1 14|.  U  was  found,  however,  that  they  were  not  .suitaWe  substrates  as  the  coatings 
reacted  with  the  glass  during  firing.  Fu.sed  .silica  sub.strates  were  therefore  used  for  film 
crystallization  studies  since  the  precursor  .solution  did  not  react  with  the  substrate  and  ferrite 
films  were  easily  formed.  A  disadvantage  to  using  fused  silica  is  the  difference  in  the 
expan.sion  coefficients  of  fu.sed  silica  (a  =  0.5  x  10''  /"O  1 15|  and  CoFe.Oj.  This  difference 
could  cau.se  some  residual  stress  to  develop  in  the  film  which  could  in  turn  lead  to  cracking 
during  heat  u-eating. 

The  films  were  transparent  and  orange-brown  in  color  upon  dipping  and  became  dark 
brown  after  firing,  but  maintained  transparency.  The  films  were  homogeneous  and  when 
examined  with  an  optical  micro.scope  did  not  .show  .signs  of  cracking.  The  film  thickne.ss  was 
measured  to  be  approximately  0.4  pm. 

The  evolution  of  the  film  from  the  amorphous  state  to  the  crystalline  state  is  shown 
in  Figure  2  by  the  collected  x-ray  .spectra  of  the  films.  After  being  heat  treaicd  at 
temperatures  from  3(K)°C  to  600"C  for  1  hour  in  air,  the  films  were  found  to  he 
polycrystalline,  with  an  amorphous  fraction  of  le.ss  than  20^.  Increasing  the  heat  treatment 
temperature,  but  maintaining  the  lime  at  1  hour,  resulted  in  increasing  crystallinity.  A  small 
peak  at  20=45°  in  the  XRD  pattern  of  the  sample  heated  to  WXTC  may  indicate  the  pre.sence 
of  carbon.  Heat  U'ealing  the  film  at  2(X)"C  for  I  hour  resulted  in  an  amorphous  film, 
however,  as  can  be  .seen  from  Figure  1,  some  residual  organic  remains  in  this  film.  The 
effects  of  heal  treating  for  longer  times  were  not  investigated  in  this  study. 

The  effect  of  applying  a  magnetic  field  during  heal  treatment  on  crystalline  orientation 
was  studied  by  firing  samples  to  4<X)“C  for  one  hour  while  simultaneously  applying  a 
magnetic  field  of  1.88  k()e  in  a  .solenoid.  The  x-ray  diffraction  spectrum  of  a  film  prepared 
in  this  manner,  is  compared  to  a  film  prepared  with  the  same  heat  treatment  time  and 
temperature  without  the  influence  of  an  applied  magnetic  field  in  Figure  3,  It  can  he  .seen 
that  the  film  fired  in  the  pre.sence  of  a  magnetic  field  exhibits  some  enhanced  crystallization, 
but  no  enhanced  orientation  effects  are  observed. 
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Magnetic  hysteresis  loops  were  obtained  for  the  heat  ta’ated  films.  The  values  of 
saturation  and  remanent  magnetization  and  coercive  field  are  shown  in  Table  1.  In  this  table, 
the  values  of  both  a,  and  o,  were  calculated  from  the  magnetization  values  assuming  that  the 
film  was  completely  den.se  and  was  uniformly  thick.  The  hysteresis  loop  of  the  sample 
prepared  at  5(K)°C/1  hour  is  shown  in  Figure  4  as  an  example  of  the  hysteresis  behavior  of 
a  crystalline  film.  The  crystalline  films  exhibited  similar  hysteresis  behavior,  with  saturation 
and  remanent  magnetization  values  as  .summarized  in  Table  1.  As  a  general  trend,  increasing 
the  heat  treating  temperature,  and  hence  the  crystallinity,  was  accompanied  by  an  increa.se  in 
both  <T,  and  o,. 


2S  .l.S  4.S  S.s  (o  2,s  .t.S  4s  ss  f,s 


Two  Theta  (degrees)  Two  Theta  (degrees) 

Figure  2.  XRD  .spectra  of  .samples  fired  at  figure  .V  Compan.son  ol  the  XKD  spectra 

temperatures  ranging  from  2(X)“C  to  6(X)"C  for  of  films  fired  at  4(H)'’C  for  1  hour  (a)  with 
1  hour.  Note  the  evolution  from  an  amorphous  and  (b)  without  an  applied  magnetic  field 


film  to  an  increasingly  crystalline  film.  of  1.88  k(X;. 
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figure  4.  Magnetic  hystere.sis  loop  of 
crystalline  film  heat  treated  at  SOO^C 
for  I  hour. 


Figure  .“i.  Magnetic  hysteresis  loop  ol 
amorphous  film  heat  treated  at  2(X)'  C  for 
I  hour. 
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Tabic  I.  Summary  ol'  Magnetic  Properties  t)!  CoFe^Oj  Films 
with  Various  Heal  Treaimenis 


Sample 

Saturation 
Magnetization 
<J,  (emu/cc) 

Remanent 
Magnetization 
a,  (emu/cc) 

^  ^  il 

Coercive  Force 

H.  (6e) 

Single  Crystal  Film  1,^1 

280  Gau.ss 

6  k()c 

Bulk  Powder  1 16| 

198  Gau.ss 

3.09  kOc 

2lXrC.  Ihr 

4.24 

1.79 

3.30 

3<K)“01hr 

61.16 

10..3.3 

40 

4(H)'’C/lhr 

92.27 

4.55 

20 

4(K)“C/lhr  w/field 

81.94 

1.98 

20 

StXTC/lhr 

122.87 

7.98 

.30 

6(X)"C/lhr 

182.54 

.30.75 

KM) 

The  measured  hysteresis  loop  of  the  amorphous  sample  heat  treated  at  2(K)'’C  for  I 
hour  is  shown  in  Figure  5.  The  amorphous  film  shows  a  slightly  shifted  hysteresis  loop 
(which  is  often  seen  with  exchange  biasing)  with  small  values  of  o>  and  c,.  but  a 
considerably  larger  value  of  H,.  when  compared  with  the  crystalline  films.  Despite  the  lack 
of  structural  order  on  the  microscopic  .scale,  it  is  postulated  that  a  type  of  "ferrimagnetic 
order"  exists  as  in  the  amorphous  magnets  of  transition  metal-rare  earth  systems  il41  such 
that  a  .spontaneous  magnetization  occurs. 

From  Table  I,  it  can  be  .seen  that  firing  the  film  while  applying  a  magnetic  field  of 
1.88  kOe  had  little  effect  upon  the  magnetic  properties  of  the  film.  A  field  of  1.88  k()e  is 
very  small  compared  to  the  applied  field  u.sed  in  obtaining  the  hysteresis  curves  and  is  a 
value  much  lower  that  the  field  required  to  reach  saturation  magnetization.  This  may  indicate 
that  the  field  strength  displaces  the  domain  boundaries  in  a  reversible  fashion,  hence  no  large 
effect  was  observed  in  the  hystcre.sis  behavior  as  compared  to  a  film  that  had  not  been 
exposed  to  this  field  during  heat  treatment.  This  may  also  explain  why  no  preferred 
crystalline  orientation  was  ob.servcd  in  the  diffraction  spectra  of  the  film  heat  treated  with  a 
1.88  kOe  applied  field. 


CONCLUSION 

Ferrimagnetic  C0FC3O4  films  prepared  from  metal  alkoxide  solutions  were 
characterized.  X-ray  diffraction  studies  of  the  films  showed  that  increasingly  crystalline  films 
could  be  obtained  by  heat  treating  at  temperatures  above  for  I  hour.  Films  heat  treated 

at  200‘’C  for  I  hour  were  found  to  be  amorphous.  Heat  treating  films  under  an  applied  field 
of  1 .88  kOe  did  not  appreciably  enhance  crystalline  orientation. 

Magnetic  hysteresis  loops  of  the  crystalline  films  demonstrated  a  general  trend  of 
increasing  saturation  and  remanent  magnetization  with  increasing  heat  treatment  temperature. 
The  amorphous  film  exhibited  hysteresis  behavior  defined  by  low  values  of  o,  and  c,.  but  a 
relatively  large  value  of  coercive  force.  Heat  treating  of  the  film  on  a  fu.sed  .silica  substrate 
at  400'’C  for  1  hour  under  an  applied  field  of  1.88  kOe  did  not  appreciably  enhance  the 
magnetic  properties  of  the  film. 
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Ongoing  work  is  directed  toward  the  preparation  of  single  crystal  lilms  and  the  study 
of  the  effects  of  annealing  time  and  atmosphere  (i.e.  (),)  on  crystal  growth.  Scanning 
electron  microscopy  to  observe  grain  sizes  and  morphology,  and  measurements  to  confirm 
stoichiometry  (i.e.  SIMS)  and  the  effects  on  magnetocrystallme  anisotropy  are  planned  for 
future  work. 
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ABSTRACT 

It  is  well  known  that  Cr  sputtered  on  glass  or  NiP/Al  substrates  has  either  the  (002)  or 
( 1 10)  crystallographic  texture  (depending  on  the  substrate  temperature)  and  that  the  Co-alloy 
layers  which  are  deposited  on  the  Cr  underlayers  have  either  the  (1120)  or  (lOTl)  textures 
respectively.  However,  the  dependence  of  the  crystallographic  textures  on  other  sputtering 
parameters  is  not  clear.  We  report  here  on  the  study  of  the  dependence  of  crystallographic 
textures  of  CoCrTa/Cr  films  on  substrate  bias.  It  is  found  that  both  Cr  (110)  and  Cr  (002) 
textures  can  form  at  elevated  temperature,  depending  on  the  substrate  bias.  The  development  of 
the  crystallographic  texture  is  discussed  with  a  model.  It  is  also  found  that  the  epitaxy  of 
CoCrTa  layer  depends  on  the  sputtering  conditions  of  both  the  Cr  and  the  CoCrTa  layers.  The 
extrinsic  magnetic  propenies  (such  as  He,  S  and  S*)  of  thin  films  with  various  textures  are  also 
presented.  By  controlling  the  sputtering  procedure,  the  effects  of  crystallographic  textures  on 
magnetic  properties  were  separated  from  the  effects  of  film  morphology. 

I.  INTRODUCTION 

Sputtered  CoCrTa  thin  films  on  Cr  underlayers  are  one  of  the  most  promising 
candidates  for  longitudinal  recording  media.f^  due  to  their  high  in-plane  coercivity  and  low 
recording  noise. ^  It  is  believed  that  the  Cr  underlayer  enhances  the  magnetic  properties  by 
facilitating  the  growth  of  Co-alloy  grains  with  a  crystallographic  plane  of  either  hep  (1120)  or 
(1011)  parallel  to  the  film  surface,"*  This  causes  the  c-axis  to  lie  nearly  in  the  film  surface. 
Therefore,  understanding  the  dependence  of  crystallographic  texture  of  CoCrTa/  Cr  thin  films 
on  sputtering  condition  is  of  great  importance. 

Previous  work  regarding  the  crystallographic  texture  of  Co-alloy/Cr  has  been 
summarized  by  T.  Ohno  et  al.^  It  is  well  known  that  sputtered  Cr  thin  films  have  either  (110) 
or  (002)  texture.^  ’  depending  on  the  substrate  temperature.  When  deposited  without  substrate 
preheating,  the  Cr  layers  have  the  (1 10)  texture,  while  when  deposited  at  elevated  temperatures 
they  tend  to  have  the  (002)  texture.  However,  the  dependence  of  crystallographic  texture  on 
other  sputter  parameters  is  not  clear.  In  this  work,  we  have  studied  the  dependence  of  the 
crystallographic  texture  of  RF  sputter  deposited  Cr  underlayer  on  substrate  bias.  We  find  that 
when  it  is  deposited  at  room  temperature,  the  Cr  layer  always  has  the  (110)  texture  and  when 
deposited  at  elevated  temperature,  the  Cr  layer  has  either  the  Cr  (002)  or  the  Cr  (1 10)  texture 
depending  on  the  substrate  bias.  The  dependence  of  crystallographic  texture  of  Cr  on  substrate 
bias  is  discussed  with  a  model.* 

It  is  also  well  known  that  when  Co  alloys  are  deposited  on  Cr  with  the  (110)  texture, 
they  have  the  (1011)  texture  and  when  they  are  deposited  on  Cr  of  the  (002)  texture,  they  have 
the  (1120)  texture."*'*  This  is  believed  due  to  grain  to  grain  epitaxy,®-’*’  However,  the  effect  of 
various  sputtering  conditions  on  this  epitaxy  has  not  been  fully  studied.  In  this  work,  we  find 
that  the  epitaxy  depends  on  the  sputtering  conditions  of  both  the  Cr  and  Co-alloy  layer. 
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The  extrinsic  magnetic  propenies  of  thin  films  depend  on  their  microstructure.  To 
investigate  the  effects  of  each  microstructural  feature  on  the  magnetic  propenies,  it  is  critical  to 
vary  each  microstructural  feature  independently.  Y.  Shen  ei  al.^^  have  tried  to  separate  the 
effects  of  substrate  healing,  which  has  been  thought  to  cause  grain  boundary  segregation  of  Ta 
atoms,  from  the  crystallographic  texture  effects.  However,  the  substrate  temperature  also 
influences  the  morphology  of  the  film. In  this  work,  the  magnetic  propenies  of  films  with 
various  crystallographic  textures  are  studied.  By  controlling  the  sputtering  procedure,  we  try  to 
separate  the  effects  of  crystallographic  texture  on  the  extrinsic  magnetic  propenies  from  the 
effects  of  other  microstructural  features. 

II.  EXPERIMENTAL 

CoCrTa/Cr  thin  films  were  RF  sputter  deposited  on  Coming  7059  glass  substrates  in  an 
Leybold-Heraeus  Z-400  sputtering  system  with  a  background  pressure  of  7.0X10'^  Torr.  The 
composition  of  the  CoCrTa  layers  is  Co-12  at%  Cr-2  at%  Ta.  The  density  of  forward  sputtering 
power  was  1.6  Watts/cm^  and  the  Ar  pressure  was  10  mTorr  during  the  deposition  of  the  film. 
The  preheated  substrate  temperature,  the  Ar  pressure  and  the  substrate  bias  were  varied,  and 
will  be  specified  in  the  text.  The  rate  of  deposition  was  determined  by  step  profilometry 
measurements  and  these  rates  were  used  to  calculate  the  various  thicknesses  of  the  films.  The 
crystallographic  texture  was  studied  by  x-ray  diffraction  using  Cu  Ka  radiation.  The  magnetic 
properties  of  these  films  were  measured  using  a  Vibrating  Sample  Magnetometer. 

III.  RESULTS  AND  DISCUSSION 

1 .  The  crystallographic  texture  of  the  Cr  underlayer 

In  this  work,  the  Cr  layers  were  deposited  with  various  substrate  biases  on  glass 
substrates  at  either  room  temperature  or  preheated  to  260  °C.  The  films  deposited  at  room 
temperature  all  show  the  (1 10)  texture.  However,  films  deposited  at  260  °C  have  either  the 
(002)  or  the  (l  10)  texture,  depending  on  the  substrate  bias.  To  investigate  the  effects  of 
applying  substrate  bias  during  the  RF  sputtering  deposition  at  elevated  temperature,  four  films 
were  deposited,  each  with  a  1000  A  Cr  underlayer  and  4(X)  A  CoCrTa  magnetic  layer.  For  all 
four  films,  the  CoCrTa  layer  was  deposited  with  the  same  sputtering  conditions,  (forward 
sputtering  power,  1(X)  Watts;  Ar  pressure,  10  mTorr;  preheating  substrate  temperature,  260  °C; 
substrate  bias,  - 150  V)  but  the  Cr  underlayer  was  deposited  with  different  biasing  procedures, 
as  listed  in  Table  1 .  Other  sputtering  parameters  were  fixed  ( 1(X)  Watts;  10  mTorr,  260  °C). 


Table  1.  Bias  on  the  Cr  underlayer  of  sample  A,  B,  C  and  D 


sample 

bias  on  the  first  200  A  Cr 

bias  on  the  remaining  8(X)  A 

A 

OV 

OV 

B 

-200  V 

-200  V 

C 

OV 

-200  V 

D 

-200  V 

OV 

The  X-ray  diffraction  spectra  of  these  films  are  shown  in  Figure  1.  In  sample  A,  the 
((X)2)  texture  is  dominant  in  the  Cr  underlayer,  which  was  deposited  without  applying  substrate 
bias,  and  the  CoCrTa  layer  has  the  (1120)  texture.  This  is  consistent  with  previous  work.^  ’  On 
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the  other  hand,  in  sample  B.  the  Cr  underlayer,  which  is  deposited  with  -200  V  substrate  bias, 
has  the  (1 10)  texture  and  the  CoCrTa  layer  has  the(loTl)  texture  correspondingly.  Comparing 
sample  A  and  B,  it  seems  that  the  substrate  bias  promotes  the  Cr  ( 1 10)  texture  even  at  elevated 
substrate  temperature.  However,  it  is  interesting  to  note  that  for  sample  C,  for  which  the  first 
200  A  of  Cr  was  deposited  without  applying  substrate  bias  but  the  remainder  800  A  Cr  was 
deposited  with  -200  V  bias,  the  Cr  underlayer  has  a  very  strong  (002)  texture,  even  stronger 
than  that  in  the  sample  A.  Comparing  sample  A  and  C  shows  that  applying  substrate  bias  for  the 
remainder  800  A  Cr,  promotes  the  continuation  of  the  growth  of  the  (002)  texture.  On  the  other 
hand,  as  seen  by  comparing  sample  A  and  D,  applying  substrate  bias  at  the  initial  stage  of  film 
formation  prevents  the  (002)  texture  formation  and  produces  films  with  the  (110)  texture. 


Figure  1,  X-ray  diffraction  spectra  of  samples  A,  B,  C  and  D 


The  films  form  by  a  nucleation  and  growth  process.  Based  on  the  minimization  of 
surface  energy,  we  have  proposed  a  model  for  the  formation  mechanism  of  crystallographic 
texture  of  sputter  deposited  Cr  films.*  From  this  model,  the  (002)  and  (1 10)  textures  are  shown 
to  form  by  different  mechanisms.  The  (002)  texture  forms  at  the  very  beginning  of  the  film 
deposition,  when  the  "film”  is  composed  of  separated  islands.  Each  single  island  prefers  the 
((X)2)  orientation,  due  to  minimization  of  surface  energy.  On  the  other  hand,  the  (1 10)  texture  is 
developed  by  a  faster  grain  growth  mechanism  after  the  film  become  continuous.  The  higher  the 
concentration  of  nucleation  centers,  the  sooner  the  films  become  continuous.  Therefore  the 
(110)  texture  develop  faster. 

At  room  temperature,  the  nucleation  rate  is  always  high,  so  that  the  (110)  texture  always 
forms  very  early  in  the  growth  of  the  film.  However,  heating  the  substrate  reduces  the 
nucleation  rate.  The  nucleation  rate  also  depends  on  other  sputtering  parameters.  Applying 
substrate  bias  increases  the  bombardment  energy  of  the  Ar'*'  ions  onto  the  substrate.  At  the 
initial  stage  of  deposition,  the  concentration  of  nucleation  centers  increases  with  this 
bombardment  because  the  sites  of  impingement  will  become  sites  for  preferential  nucleation.** 
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Thus,  applying  a  substrate  bias  at  the  initial  stage  of  deposition,  promotes  the  (1 10)  texture.  On 
the  other  hand,  applying  substrate  bias  increases  the  mobility  of  surface  atoms.  When  the  fllm 
becomes  continuous,  bias  promotes  surface  diffusion.  This  helps  some  grains  to  grow  faster 
than  others.  Grains  with  low  energy  crystalline  planes,  such  as  (1 10)  and  (002),  which  are 
parallel  to  the  film  surface,  grow  faster  than  others.  Therefore,  applying  substrate  bias  after  the 
film  become  continuous  promotes  the  growth  of  whichever  texture  is  present  initially. 

2.  The  crystallographic  texture  of  the  CoCrTa  layer 

It  is  believed  that  Co-alloy  layers  grow  epitaxially  on  the  Cr  underlayers.  Therefore,  the 
crystallographic  texture  of  the  Co-alloy  layer  depends  only  on  the  crystallographic  texture  of  Cr 
underlayer.  As  shown  in  Figure  1,  comparing  spectra  A  and  C,  the  intensities  of  the  CoCrTa 
(1120)  peaks  are  proportional  to  the  intensities  of  the  Cr  (002)  peaks.  Similarly,  comparing 
spectra  B  and  D,  the  intensities  of  the  CoCrTa  ( lOl  1)  peaks  are  seen  to  be  proponional  to  the 
intensities  of  the  Cr  (002)  peaks.  However,  these  relationships  are  not  always  observed.  For 
example,  as  shown  in  Figure  2,  three  films  in  which  the  Cr  underlayer  have  similar 
crystallographic  texture,  have  different  crystallographic  texture  in  their  CoCrTa  layers.  The 
sputtering  conditions  of  these  films  are  listed  in  Table  2. 


Table  2.  Sputtering  conditions  of  samples  E,  F  and  G 


sample 

Cr  layer 

CoCrTa  layer  i 

Ts  (°C) 

P  (Wan) 

Ar(mT) 

Vb{V) 

Ts(X) 

P(Wan) 

Ar(mT) 

Vb(V) 

E 

R.T 

100 

2 

0 

R.T 

100 

10 

-150 

F 

R.T 

100 

10 

-200 

R.T 

100 

10 

-150 

G 

260 

100 

10 

-200 

260°C 

100 

10 

-150 

Ts— substrate  temperature,  P-Sputtering  power,  Ar-Ar  pressure,  Vb— Substrate  bias 
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Figure  2,  X-ray  diffraction  spectra  of  samples  E,  F  and  G 

Comparing  samples  E  and  F,  their  CoCrTa  layers  were  deposited  with  the  same 
conditions,  but  the  Cr  underlayer  of  sample  E  was  deposited  without  applying  substrate  bias 


...  - ^ 


and  the  Cr  underlayer  of  sample  F  was  deposited  with  -20()  V  substrate  bias.  As  shown  in 
Figure  2,  the  spectrum  E  does  not  show  clearly  any  peaks  from  the  CoCrTa  layer,  while  in  the 
spectrum  F  does  show  the  (loTl)  and  (lOlO)  peaks  from  CoCrTa  layer,  even  though  spectra  E 
and  F  show  similar  Cr  (1 10)  textures.  The  (loTl)  texture  is  believed  duc  to  the  epitaxial  growth 
of  Co-alloy  on  the  Cr  (110)  plane,  but  it  is  not  clear  how  the  (1010)  texture  develops.^ 
Comparing  samples  F  and  G,  both  of  which  were  deposited  with  the  same  conditions  except  for 
the  substrate  temperature,  it  can  be  seen  that  sample  G,  which  was  deposited  at  elevated 
temperature,  shows  stronger  (1011)  texture  and  less  (1010)  texture  than  F.  This  means  that 
epitaxial  growth  at  elevated  temperature  is  easier.  From  these  results,  it  is  seen  that  elevated 
substrate  temperature  and  applying  substrate  bias  during  the  deposition  of  Cr  underlayer 
promotes  epitaxial  growth. 

3.  Magnetic  properties  and  crystallographic  texture 

The  extrinsic  magnetic  properties  of  magnetic  thin  films  depend  on  their  microstructure. 
The  crystallographic  texture  describes  the  orientation  of  the  grains  and  the  surface  roughness 
describes  the  surface  morphology  of  the  film.  By  applying  a  substrate  bias,  we  can  obtain  either 
the  (110)  or  the  (002)  texture  at  the  same  elevated  temperature.  On  the  other  hand,  applying 
substrate  bias  also  changes  the  film  morphology.  Due  to  resputtering,  when  the  film  is 
deposited  with  applied  substrate  bias,  the  film  is  denser  (lesser  voids  between  the  grains)  and  its 
surface  is  smoother, '2  By  controlling  the  sputtering  process,  we  try  to  separate  the  effects  of 
crystallographic  texture  from  that  of  surface  morphology.  The  magnetic  properties  and 
microstructure  features  of  samples  A,  B,  C  and  D  are  listed  in  Table  3. 


Table  3.  The  magnetic  properties  and  microsuucture  features  of  samples  A,  B,  C  and  D 


Hc(Oc) 

S 

S‘ 

Texture  (CoCrTa/Cr) 

Roughness 

A 

1950 

0.79 

0.78 

(1120)/(002) 

large 

B 

1550 

0.74 

0.74 

(1011)/(110) 

small 

C 

1790 

0.76 

0.85 

(1 120)/(002)  (strong) 

small 

D 

1570 

0.72 

0.76 

(1011)/(110) 

large 

He— Coerciverty,  S-Remanence  squareness,  S*-Coercivity  squareness 


Comparing  samples  A  and  D,  which  have  different  crystallographic  textures  but  may 
have  similar  morphology  because  they  were  deposited  with  the  same  conditions  except  for  the 
first  200  A  Cr,  the  He  and  S  of  sample  A  are  larger  than  those  of  sample  D.  This  is  understood 
because  the  CoCrTa  layer  of  sample  A  has  the  (1120)  texture,  which  brings  the  c-axis  into  the 
plane  of  the  film,  while  the  CoCrTa  layer  of  sample  D  has  the  ( 1011 )  texture,  for  which  the  c- 
axis  is  28°  out  of  the  film  surface.  Similarly,  comparing  B  and  C,  which  may  have  similar 
morphology  but  different  type  of  texture,  sample  C,  which  has  the  (1 120)  texture,  has  the  larger 
He  and  S. 

Comparing  samples  A  and  C.  which  have  the  same  type  of  texture  but  may  have 
different  morphologies,  the  He  of  sample  A  is  larger,  even  though  sample  C  has  a  stronger 
(1120)  texture.  This  may  due  to  their  different  morphologies.  The  Cr  layer  of  sample  A  was 
deposited  without  applying  substrate  bias,  therefore  the  surface  of  the  Cr  layer  is  rougher  due 
to  the  effects  of  shadowing. '2  This  rough  surface  helps  to  separate  the  CoCrTa  grains  which 
grow  on  that  surface.  The  related  smaller  S*  of  sample  A  supports  this  argument.'^ 
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IV.  SUMMARY 

1)  The  dependence  of  crystallographic  texture  of  CoCrTa/Cr  thin  films  deposited  by  RF 
sputtering  on  deposition  conditions  has  been  investigated.  Cr  layers  deposited  without 
preheating  have  the  (110)  texture.  However,  when  Cr  is  deposited  at  elevated  temperatures,  the 
texture  of  the  Cr  layer  depends  on  the  substrate  bias.  Either  the  (1 10)  or  the  (002)  texture  can  be 
obtained  at  elevated  temperature.  We  explain  this  by  a  simple  model. 

2)  For  the  CoCrTa  layers,  the  epitaxial  growth  depends  on  the  microstructure  of  the  Cr 
layer  and  the  deposition  conditions  of  CoCrTa  layer.  Applying  substrate  bias  during  the 
deposition  of  the  Cr  layer  and  increasing  the  subsn-ate  temperature  during  the  deposition  of 
CoCrTa  promotes  epitaxial  growth. 

3)  By  controlling  the  sputtering  procedures,  the  crystallographic  texture  and 
morphology  can  be  varied  independently.  The  extrinsic  magnetic  properties  depend  on  the 
crystallographic  texture  and  the  mwphology  of  the  CoCrTa  films. 
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IN  SITU  ANALYSIS  OF  MAGNETIC  AND  STRUCTURAL  PROPERTIES 
OF  EPITAXIAL  AND  POLYCRYSTALLINE  NisoFejo  THIN  FILMS 
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ABSTRACT 

We  have  investigated  structural  and  magnetic  properties  of  epitaxial  NigoFejo  films 
grown  on  relaxed  epitaxial  Cu/Si{001)  films.  The  crystallographic  texture  of  these  films 
was  analyzed  in  situ  by  reflection  high  energy  electron  diffraction  (RHEED),  and  ex  situ  by 
x-ray  diffraction  2md  cross-sectional  transmission  electron  microscopy  (XTEM).  In  particu¬ 
lar,  RHEED  intensities  were  recorded  during  epitaxial  growth,  and  intensity  profiles  across 
Bragg  rods  were  used  to  calculate  the  surface  lattice  constant,  and  hence,  find  the  crit¬ 
ical  epitaxial  thickness  for  which  NisoFeio  grows  pseudomorphically  on  Cu(lOO).  XTEM 
analysis  indicated  that  the  epitaxial  films  had  atomically-abrupt  interfaces  which  was  not 
the  case  for  polycrystalline  Cu  and  NigoFejo  film  interfaces.  The  magnetic  properties  of 
these  epitaxial  films  were  measured  in  situ  using  magneto-optic  Kerr  effect  magnetometry 
and  were  compared  with  those  of  polycrystalline  films  grown  on  SiOj/Si.  Large  He  (~  35 
Oe)  was  observed  for  epitaxial  NigoFejo  films  less  than  3.0  nm  thick  whereas  for  increasing 
thickness,  He  decreased  approximately  monotonically  to  a  few  Oersteds.  Correlations  were 
made  between  magnetic  properties  of  these  epitaxial  films,  the  strain  in  the  film  and  the 
interface  roughness  obtained  from  XTEM  analysis. 

INTRODUCTION 

Permalloy  (NigoFejo)  heterostructures  are  of  great  interest  for  magnetoresistive  de¬ 
vices  bcised  on  anomalous  antiferromagnetic  (AF)-coupling  and  giant  magnetoresistance 
(GMR)  in  NigoFe2o/Cu  multilayers[l]  and  spin-valves[2].  To  date,  all  investigations  of  such 
NisoFe2o  heterostructures  have  employed  polycrystalline  films  with  atomically  rough  inter¬ 
faces  where  the  interface  roughness  is  of  the  same  order  as  the  nonmagnetic  spacer  layer 
thickness[l,  2].  Since  AF-coupling  and  GMR  depend  sensitively  on  NigoFe2o/Cu  interface 
structure  and  the  film  morphology,  the  magnetotransport  properties  of  atomically-abrupt 
epitaxial  films  should  more  clearly  elucidate  the  underlying  physics.  Furthermore,  with 
atomically-abrupt  film  interfaces,  it  would  be  possible  to  fabricate  thinner  nonmagnetic 
spacer  layers  without  the  interf2ice  roughness  being  the  limiting  factor.  Finally,  the  growth 
of  epitaxial  single  layer  NisoFe2o  films  on  silicon  is  potentially  of  great  interest  for  study¬ 
ing  magnetotransport  and  for  applications  to  magnetoresistive  devices  because  of  reduced 
interfacial  and  grain- boundary  scattering[3]. 

Epitaxial  Ni8oFe2o(100)  films  were  grown  on  a  relaxed  Cu(OOl)  seed  layer,  epitaxially 
grown  on  Si(OOl).  The  epitaxy  of  Cu  at  room  temperature  on  H-terminated  Si(OOl)  has 
been  the  object  of  earlier  investigations[4,  5,  6)  and  has  been  successfully  demonstrated  to 
occur  in  high-vacuum  and  UHV  conditions.  The  mode  of  this  epitaxy  was  found  to  take 
place  by  occlusion  of  non-(lOO)  grains  by  (100)  grains  in  the  Cu  film[6].  The  crystallo¬ 
graphic  orientation  of  the  film  is  Cu(OOI)  ||  Si(OOl)  with  Cu[100]  ||  Si[110].  The  lattice 
mismatch  between  Cu  and  Si  for  this  orientation  is  6%  whereas  for  Cu  and  Ni8oFe2o.  it  is 
3%. 


Mat.  Rea.  Soc.  Syinp.  Proc.  Vol.  313.  ^1993  Matertala  Rataarch  Society 


364 


EXPERIMENTAL  PROCEDURES 

Films  were  grown  in  a  custom-designed,  load  lock-equipped  ultrahigli  lacuurn  ion  beam 
sputtering  system  with  base  pressure  in  the  mid-  10"‘“  Torr  regime.  Prior  to  sample  in¬ 
sertion  into  the  vacuum  system,  samples  were  cleaned  by  sequential  chemical  oxidation 
in  a  5:1:1  solution  ,jf  Hj0:HCl:H-j02  at  80°C,  followed  by  etching  in  a  buffered  HF  solu¬ 
tion.  Upon  insertion  into  the  sputtering  system  chamber,  reflection  high  energy  electron 
diffraction  (RHEED)  at  15  keV  was  used  to  confirm  (1x1)  surface  reconstruction  of  the 
(001)  Si  that  is  commonly  observed  on  HF-dipped  Si  (001),  and  which  corresponds  to 
dihydride  termination  of  the  surface(7].  The  as-inserted  Si  (001)  substrates  were  heated 
to  T=  200°C  for  approximately  two  hours  and  cooled  to  room  temperature  at  a  cooling 
rate  of  3°C/minute,  prior  to  sputter  deposition  of  Cu.  NisoFe^o  was  grown  on  this  Cu 
seed  layer,  which  ranged  in  thickness  from  10-300  tim.  The  NisoFe^o  was  deposited  in 
the  presence  of  a  magnetic  field  of  20  Oe  to  induce  a  uniaxial  anisotropylS).  The  depo¬ 
sition  rate  was  approximately  0.10  nm/s.  The  film  thickness,  estimated  during  growth 
using  an  oscillating-crystal  thickness  monitor,  was  confirmed  afterwards  with  Rutherford 
backscattering  spectometry.  Information  about  the  evolution  of  the  film  microstructure 
during  growth  was  also  obtained  using  m  situ  RHEED  measurements,  which  were  recorded 
on  video  tape  and  later  analyzed  using  an  image  analysis  computer  program  to  find  the 
intensity  profile  across  the  Bragg  rods  and  hence  calculate  the  surface  lattice  constant. 

Crystallographic  texture  of  the  NigoFeM/Cu  films  on  Si  was  confirmed  by  x-ray  diffrac¬ 
tion.  Measurements  were  performed  using  a  Co  h'a  x-ray  source  with  fixed  incident  beam 
angles  in  the  range  from  5°-45°  in  5°  intervals,  along  both  the  [lOOJ  and  [1  lOj  azimuths  of  the 
Si  surface.  Scattered  x-rays  were  measured  using  a  parallel  detection  and  data  acquisition 
instrument  simultaneously  over  an  angular  range  of  120°  with  0.05°  angular  resolution. 
Cross-sectional  transmission  electron  microscopy  (XTEM)  analysis  was  performed  on  a 
Philips  EM430  microscope  operating  at  300  keV.  TEM  samples  were  prepared  using  ad¬ 
hesives  which  did  not  require  any  high-temperature  curing.  The  samples  were  ion-milled 
using  Ar'*'  immediately  prior  to  electron  microscopy.  Magnetic  properties  were  measured 
using  magneto-optic  Kerr  effect  (MOKE)  magnetometer  after  sample  transfer  to  a  quartz 
tube  interfaced  to  the  UHV-sputtering  system.  A  670  nm  semiconductor  diode  Itiser  beam 
polarized  by  a  Glan-Thompson  polarizer  was  used  as  the  incident  beam,  whose  rotation 
in  polarization  after  reflection  from  the  magnetic  sample  was  detected  using  a  Wollaston 
prism  and  a  photodiode  ptiir.  The  sum  and  difference  voltage  signals  from  the  photodiodes 
were  amplified  and  acquired  on  a  386  computer.  The  angle  of  incidence  was  approximately 
70°  from  the  normal.  A  pair  of  Helmholtz  coiis  were  used  to  magnetize  the  sample  such 
that  the  Kerr  rotation  measured  was  tongitudinal[9].  The  sample  holder  geometry  allows 
rotation  about  the  surface  normal  of  the  sample  so  that  the  in-plane  easy  and  hard  axis 
Kerr  loops  could  be  measured  for  NiFe  films  down  to  thicknesses  of  1.0  nm. 

RESULTS  &  DISCUSSION 


From  surface  lattice  constant  measurements  shown  in  Fig.  1,  the  Ni8oFe2o  films  were 
observed  to  be  pseudomorphic  with  the  Cu  film  up  to  a  thickness  of  2.3  nm,  followed  by 
growth  of  a  relaxed  film  with  bulk  lattice  parameter.  The  critical  epitaxial  film  thickness 
ftc  for  a  lattice  misfit  /,  is  obtained  by  solving  the  transcedental  equation(lO): 


Ac 


b 

8ir  /cos  A 


1  — 


]tn(^) 


(1) 


where  6  is  the  misfit  dislocation  Burger’s  vector,  u  is  the  Poisson’s  ratio,  j3  and  A  are  the 
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Figure  1:  Surface  lattice  constant  of  NigoFcjo  film  grown  on  Cu(lOO)  calculated  from 
RHEED  measurements  as  a  function  of  NigoFejo  film  thickness. 

angles  that  the  Burger’s  vector  makes  with  the  dislocation  line  and  the  direction  normal 
to  the  dislocation  line  lying  within  the  plane  of  the  interface,  respectively.  Substituting 
the  lattice  constant  of  NisoFejo  for  6,  A  =  0  =  60°  which  is  often  the  case  for  fee  crystals, 
u  of  0.31  for  Ni,  he  was  found  to  be  2.1  nm  from  solving  eq.  (1),  which  agrees  well  with 
the  experimentally-determined  critical  epitaxial  thickness  for  NigqFejo- 

Figure  2  shows  an  x-ray  scan  for  9i  =  30°  for  a  NisoFeio  (30  nm)/Cu(30  nm)/Si(001) 
film  which  indicates  that  the  (100)  texture  in  the  films  is  2-3  orders  of  magnitude  stronger 
than  other  fee  textures,  notably  (111).  Furthermore,  the  lattice  constants  calculated  from 
the  diffraction  spectrum  confirm  that  the  Cu  and  the  NigoFcjo  films  are  strain-relieved; 
i.e.,  have  the  bulk  lattice  constants.  XTEM  was  used  to  analyze  the  NigoFejo/Cu  interface 
roughness,  which  was  found  to  depend  on  the  Cu  seed  layer  thickness.  For  Cu  thicknesses 

<  100.0  nm,  the  interface  was  smooth  and  atomically-abrupt.  Figure  3  shows  XTEM  image 
of  a  NigoFejo/Cu/Si(001)  film.  The  NiFe/Cu  interface  cannot  be  clearly  seen  in  Fig.  3  due 
to  lack  of  Z-contrast  between  NiFe  and  Cu.  However,  it  is  discernible  in  high  resolution 
XTEM  images  by  the  presence  of  Moire  fringes  and  misfit  dislocations  to  accomodate 
lattice  mismatch  between  Cu  and  NigoFejolUl-  Nevertheless,  from  the  NiFe  film  surface 
and  the  Cu/Si  interface  in  Fig.  3,  the  r.m.s.  roughness  of  the  film  was  estimated  to  be 

<  0.7  nm.  For  Cu  seed  layer  thicknesses  of  300  nm,  the  interface  had  a  roughness  of  9.3 
nm.  The  development  of  this  roughness  with  epitaxial  Cu  thickness  is  currently  under 
investigation  and  is  probably  related  to  film  deposition  conditions[ll]. 

Magnetic  properties  of  the  epitaxial  and  polycrystalline  NigoFeOT  films,  1..5-20.0  nm 
thick,  were  measured  using  MOKE  magnetometry.  As  can  be  observed  from  Kerr  loops 
shown  in  Fig.  4,  for  epitaxial  and  polycrystalline  NigoFe2o  films  3.0  nm  thick.  He  is  consid¬ 
erably  higher  for  epitaxial  films.  It  is  plausible  that  dislocations  generated  due  to  misfit  in 
the  epitaxial  film  cause  domain  wall  pinning  and  hence,  an  increase  in  He-  No  well-defined 
uniaxial  anisotropy  was  observed  for  epitaxial  films  with  thicknesses  <  3,0  nm,  whereas 
that  was  not  the  case  for  film  thicknesses  >  10.0  nm.  For  a  20  nm  thick  epitaxial  NigoFe2o 
film,  Hce,  Hehi  «tnd  Hi,  were  comparable  to  that  of  a  soft  polycrystalline  NisoFe2o  film  (see 
Fig.  4),  indicating  that  the  20.0  nm  thick  epitaxial  film  is  relatively  strain-free  and  devoid 
of  defects  or  pinning  sites  for  domain  walls.  Figure  5  shows  the  variation  of  He,  as  a  func¬ 
tion  of  epitaxial  NisoFe2o  film  thickness  for  various  Cu  seed  layer  thicknesses.  Notice  that 
even  though  the  film  has  no  coherent  strain  for  thicknesses  greater  than  h,  =  2.5  nm,  7/„ 
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Figure  4:  Kerr  loops  for  epitaxial  NiFe/Cu/Si(001 )  film  (a)  3.0  nin  and  (b)  JO.O  nm  thick, 
and  for  polycrystalline  NiFe/Si02/Si  films  (c)  3.0  nm  and  (d)  20.0  nm  thick. 


is  still  significantly  high  for  /i  a:  4  »  h...  This  may  be  due  to  the  presence  of  localized  strain 
fields  caused  by  misfit  dislocation  networks  as.sociated  with  lattice  mismatch  between  Cu 
and  NijoFe^o.  Magnetostriction  measurements  were  made  for  20.0  nm  thick  polycrystalline 
NisgFe^o  films  on  glass  with  a  saturation  field  of  20  Oe.  and  was  found  to  be  +2.4  x  lO"®. 
The  concentration  for  which  magnetostriction  is  zero  for  (100)  and  (111)  textured  .^iFe 
films,  is  xnjj=0.83  and  xxij=0.81[r2],  respectively  Therefore,  it  is  likely  that  the  epitaxial 
(100)  NisoFe^o  films  have  higher  magnetostriction  than  the  polycrystalline  films  on  SiOj/Si 
which  generally  possess  (111)  texture[Il).  Efforts  are  under  way  to  measure  the  magne¬ 
tostriction  of  epitaxial  NiFe  films  in  situ,  and  observe  its  variation  with  the  tnisfit  strain 
relaxation. 

CONCLUSIONS 

Epitaxial  NigoFe2o/Cu/Si(001)  films  were  observed  to  have  atOi.iically-abrupt  interfaces 
and  roughness  significantly  le.ss  than  that  for  polycrystalline  N'i8oFe2o  films.  The  critical 
thickness  for  which  NigoFe2o  grows  psuedomorphically  on  Cu(  100)  was  found  to  be  2.3  nm. 
Magnetic  properties  of  these  films  were  investigated  in  .situ  and  were  found  to  be  sensitive 
to  the  misfit  strain  between  the  Ni>ioFe2o  film  and  the  Cu  seed  layer.  //..  was  observed  to  be 
significantly  higher  for  less  than  10  nm  thick  epitaxial  Ni«oFe2o(  100)  films  as  compared  with 
polycrystalline  films  of  same  thickness.  Ffowever.  relatively  strain-free  epitaxial  Ni8oFo2o 
films  (~  20  nm  thick)  had  soft  magnetic  properties  comparable  to  those  of  polycrystalline 
films,  suggesting  that  they  could  be  used  for  epitaxial  NiFe  heterostructures  such  as  spin- 
valves,  and  for  studying  magnetotransport  in  NiFe/Cu  multilayers. 
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Figure  5:  Variation  of  He  with 
epitaxial  NiFe  film  thickness  for 
various  Cu  seed  layer  thicknesses. 
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ABSTRACT 

The  growth  of  iron  and  copper  films  and  multilayers  on  the  (100)  face  of  diamond  has  been 
achieved  and  studied  by  reflection  high  energy  electron  diffraction  (RHEED),  extended  x-ray 
absorption  fine  structure  (EXAFS),  ferromagnetic  resonance  (FMR),  and  SQUID  magnetometry. 
RHEED  and  AES  studies  show  that  2-3  atomic  layers  (AL)  of  Fe  on  C(IOO)  forms  a  continuous 
film.  The  films  as  deposited  at  room  temperature  are  disordered,  and  after  a  350°  C  anneal 
displays  a  face-centered  cubic  structure.  Subsequent  layers  of  Cu  on  this  epitaxial  Fe  film  grow 
as  an  oriented,  single  crystal  fee  film.  FMR  and  SQUID  signals  have  been  observed  from  the  Fe 
Aims,  showing  that  they  are  ferromagnetic. 


INTRODUCTION 

Stabilization  of  metastable  phases  of  matter  by  epitaxial  growth  on  lattice  matched  substrates 
has  opened  an  entirely  new  field  of  experimental  and  theoretical  physics  [1].  The  use  of  diamond 
substrates  is  appealing  due  to  the  extraordinary  properties  of  diamond,  i.e.  its  large  band  gap, 
high  thermal  conductivity,  extreme  hardness,  and  desirable  optical  properties.  In  the  past  few 
years  there  has  been  a  strong  interest  in  the  growth  and  applications  of  thin  diamond  lilms  on 
various  surfaces.  Characterization  and  optimization  of  the  interfacial  properties  between  diamond 
and  various  metals  is  a  necessary  step  in  the  development  of  diamond-based  electronic  devices.  An 
understanding  of  the  magnetic  properties  of  transition  metal  films  on  diamond  may  also  provide 
a  means  of  developing  non-volatile  magnetic  storage  devices  based  on  diamond. 

The  epitaxial  growth  of  transition  metals  on  C(IOO)  is  feasible  due  to  the  close  lattice  match 
(a=3.57  A  for  diamond  vs.  3.59,  3.52,  and  3.61  for  fcc-Fe,  Ni,  and  Cu.  respectively),  and  the  fact 
that  the  symmetry  of  the  ( 100)  face  of  the  diamond  and  fee  structures  is  the  same.  In  fact,  recent 
work  by  Humphreys,  et.  al  (2],  has  shown  that  it  is  possible  to  grow  continuous,  single  crystal 
films  of  Ni(lOO)  on  C(IOO)  by  e-beam  epitaxy.  Cu(lOO),  on  the  other  hand,  is  more  difficult  to 
grow  on  C(IOO)  due  to  its  tendency  to  grow  in  a  polycrystailine  fashion  at  room  temperature, 
and  ball  up  into  islands  upon  annealing  [3],  Stabilization  of  single  crystal  Cu(lOO)  films  on  an 
easily  prepared,  reusable,  and  Insulating  substrate  such  as  diamond  would  be  useful  in  that  it 
would  then  be  possible  to  prepare  Cu(lOO)  surfaces  in-situ  (rather  than  resorting  to  cutting  and 
polishing  a  Cu  single  crystal  and  then  sputtering  and  annealing  m-si(«).  In  addition,  if  magnetic 
films  are  to  be  prepared  on  Cu(lOO),  subsequent  ex-situ  measurements  such  as  ferromagnetic 
resonance  (FMR)  and  magnetoresistance  are  more  easUy  conducted  when  there  is  only  a  thin 
film  of  Cu  rather  than  a  macroscopic  single  crystal  substrate. 

The  growth  of  fcc-Fe  at  low  temperature  is  also  an  important  objective  of  this  work.  It  is  well 
known  that  the  high  temperature,  fee  phase  (7-Fe)  can  be  stabilized  in  films  up  to  20  A  thick  on 
single  crystal  Cu  substrates  [4].  Due  to  the  similarities  in  lattice  constants  of  diamond  and  Cu, 
it  might  also  be  expected  that  fcc-Fe  could  be  stabilized  on  C(IOO).  In  this  work,  we  show  that 
very  thin  films  of  Fe  on  C(IOO)  exhibit  an  fcc-like  RHEED  pattern  when  prepared  properly,  and 
that  subsequent  films  of  Cu  on  the  Fe/C(100)  also  exhibit  fee  RHEED  patterns  which  rival  the 
quality  of  patterns  obtained  from  a  single  Cu(lOO)  crystal. 

The  metastable  fcc-Fe  is  interesting  from  a  magnetic  point  of  view  as  well.  While  the  high 
temperature  7-phase  of  Fe  is  antiferromagnetic,  it  has  been  observed  that  under  the  proper  growth 
conditions,  thin  films  of  fcc-Fe/Cu(100)  are  ferromagnetic  with  a  strong  perpendicular  anisotropy 
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[5].  Theorptical  calculations  show  that  fcc-Fe  may  possibly  occur  in  three  different  magnetic 
states,  either  antiferromagnetic,  ferromagnetic  with  a  high  moment  (%  2.2/2^),  or  ferromagnetic 
with  a  low  moment  (rs  i  —  l.Spp)  [6|.  The  fcc-Fe  is  predicted  to  go  from  the  AFM  to  a  FM  state 
as  the  lattice  constant  increases,  with  the  transition  happening  very  close  to  the  lattice  constant 
of  Cu.  The  energy  differences  between  these  states  are  small,  and  it  is  difficult  to  accurately 
predict  the  true  ground  state  even  with  current  calculational  techniques. 


SAMPLE  PREPARATION  AND  STRUCTURAL  CHARACTERIZATION 

The  3x3x2  mm  C(IOO)  substrates  used  in  this  work  were  cleaned  by  etching  in  an  aqua 
regia  solution  and  then  boiling  in  an  H2O2  —  NHsOH  —  H2O  solution.  The  substrate  was  then 
loaded  into  a  UHV  chamber  (base  pressure  <  1  x  lO'*®  Torr)  and  the  surface  characterized  using 
reflection  high  energy  electron  diffraction  (RHEED)  and  Auger  electron  spectroscopy  (AES).  The 
only  in-siltt  preparation  of  the  C(IOO)  substrate  prior  to  growth  was  e-beam  bombardment  of  the 
face  with  the  10  keV  RHEED  beam.  Electrical  contact  was  made  with  the  surface  in  order  to 
reduce  charging  effects  while  conducting  the  RHEED  and  AES  studies.  A  typical  RHEED  pattern 
of  the  C(IOO)  face  is  shown  in  Fig.  1(a).  The  RHEED  pattern  is  taken  along  a  [110]  axis,  and 
has  a  low  diffuse  background  and  the  symmetry  expected  from  a  ( 100)  cubic  face.  We  report 
here  that  there  was  virtually  no  evidence  of  an  oxygen  peak  in  the  AES  spectrum,  and  therefore 
conclude  that  any  residual  oxygen  termination  of  the  surface  had  been  desorbed  by  the  RHEED 
beam. 

The  Fe  was  deposited  by  sublimation  from  an  electron  beam  heated  rod,  and  the  pressure 
stayed  below  5  x  10"*®  Torr  during  growth.  The  thickness  was  measured  with  a  quartz  crystal 
monitor.  During  the  Fe  growth  the  C(IOO)  substrate  was  left  at  room  temperature.  After  as  5 
A  of  Fe  had  been  deposited,  there  was  a  complete  loss  of  the  C(IOO)  RHEED  pattern,  and  only 
a  bright  diffuse  background  with  a  weak  specular  reflection  was  observed  on  the  screen.  This  is 
strong  evidence  that  the  Fe  has  covered  the  diamond  in  a  continuous  film.  We  also  note  that  the 
AES  uptake  curve  up  to  20  A  of  Fe  follows  a  smooth  exponential  increase  when  the  substrate 
is  held  at  room  temperature.  A  fit  of  the  room  temperature,  normalized  Fe  signal  (Fe/(Fe+C)) 
saturates  to  1  with  an  attenuation  constant  10  A,  which  is  again  consistent  with  a  continuous 
Fe  coverage.  For  comparison,  the  normalized  Fe  uptake  curve  taken  with  the  substrate  held  at 
300°  C  during  deposition  satuates  at  0.6,  and  evidence  of  the  sharp  C(IOO)  RHEED  pattern  is 
still  evident  up  to  20  A  coverage.  These  effects  are  characteristic  of  the  Fe  agglomerating  into 
islands  for  the  high  temperature  growth. 

Clearly,  then,  it  is  possible  to  obtain  a  disordered,  continuous  Fe  film  on  C(IOO)  by  deposition 
at  room  temperature.  We  grew  the  Fe  film  up  to  a  flnal  thickness  of  10  A,  gently  annealed  it  to 
350°  C,  and  observc*d  the  formation  of  the  fcc-like  RHEED  pattern  shown  in  Fig.  1(b).  We  also 
report  that  for  this  annealing  temperature  there  was  no  change  in  the  AES  Fe/C  intensity  ratio. 
While  the  spots  are  much  broader  than  those  from  the  diamond  substrate,  the  symmetry  and 
spacings  of  the  two  patterns  are  the  same,  and  we  conclude  that  the  Fe  has  assumed  a  slightly 
disordered  fee  structure. 

The  Cu  was  evaporated  from  a  W  basket  at  a  pressure  of  1  x  10~®  Torr,  and  the  thickness 
was  again  measured  with  a  quartz  crystal  thickness  monitor.  The  Fe/C(100)  substrate  was  held 
at  300°  C  during  the  Cu  evaporation.  A  RHEED  pattern  from  the  Cu  after  100  A  had  been 
deposited  is  shown  in  Fig.  1(c),  and  shows  much  sharper  streaks  than  the  underlying  Fe.  We 
attribute  the  improved  RHEED  pattern  to  the  high  mobility  of  the  Cu  atoms,  thus  defects  in 
the  Fe  seed  are  being  annealed  out  as  the  Cu  film  thickness  increases.  In  addition,  there  are 
superstructure  spots  appearing  at  approximately  the  3”*  order  positions,  which  could  be  caused 
by,  e.g.,  a  stress  in  the  Cu  film.  After  about  100-200  A  Cu,  the  reconstruction  spots  vanish  and 
the  quality  of  the  RHEED  pattern  continues  to  improve.  In  Fig.  1(d)  and  (e)  we  compare  the 
RHEED  pattern  of  1350  A  of  Cu  to  that  obtained  from  a  Cu(lOO)  single  crystal  which  had  been 
oriented  to  within  0.5°,  polished,  and  then  sputtered  and  annealed  m-situ.  The  quality  of  the 
grown  Cu(lOO)  surface  as  determined  by  the  RHEED  rivals  that  of  the  bulk  single  crystal. 


a)  DlamoiidCtOO)  aiagle  eijatai 


b)  lOAFe/MuundllOO) 


d)  ISSOACa/re/DtamoaddOO) 


c)  100  A  Ca/Fa/DiamoaddOO) 


a)  CnClOO)  alagla  ctyatal 


Figure  l:RHEEO  pattein*  of  the  lamplee  taken  in-attu.  Pamjla)  abaire  tbe  pattern  obtained 
fitan  the  C(100|  subatrate.  while  (b)  abowa  the  pattern  from  lOA  Sbn  after  It  had  been  annealed 
to  350^.  Panda  (c)  and  id)  ahow  patterns  frtm  100  and  13S0  A  Cu  grown  on  ttie  Fe/C|100) 
at  300°C.  The  RHEED  pattern  m  le)  Is  a  reference  spectrum  from  a  raigle  Cu  crystal. 
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Figure  2:  Fourier  truneformed  Cu  K-edge  EXAFS 
duU  for  Cu/Fe/Diumottd(100)  and  a  13S0  A  Cu 
film.  Both  data  sets  have  been  analyzed  using  a 
k-range  of  2.S-11.S  A*‘  and  a  k’-weighting.  Data 
have  not  been  corrected  for  electron  phase  shifts. 


In  order  to  demonstrate  that  the  Cu  is 
in  an  fee  strueture,  we  have  eonducted  ex¬ 
tended  x-ray  absorption  fine  structure  spec¬ 
troscopy  (EXAFS)  on  the  Cu  K-absorption 
edge.  The  details  of  the  data  collection  and 
analysis  are  presented  elsewhere  [7],  Figure 
2  is  a  plot  of  Fourier  transformed  Cu  EXAFS 
data  collected  from  Cu/Fe/Diamond(  100) 
sample  and  a  known  fcc-Cu  standard.  Al¬ 
though  these  data  have  not  been  corrected 
for  electron  phase  shifts  and  therefore  do 
not  represent  true  radial  distances,  both 
sets  have  undergone  identical  analysis  proce¬ 
dures  which  allow  direct  comparisons  to  be 
made.  Comparisons  between  the  data  sets  il¬ 
lustrate  a  close  match  in  both  Fourier  ampU- 
tude  and  radial  distances  of  the  near  neigh¬ 
bor  and  higher  order  peaks.  It  is  clear  that 
the  Cu  in  the  Cu/Fe/Diamond(100)  sample 
is  in  an  fee  environment.  The  slight  offset  in 
the  distance  of  the  nearest  neighbor  peaks  is 
evidence  of  a  small  tetragonal  distortion  of 
the  C’l  lattice  which  most  likely  stems  from 
the  lattice  mismatch  between  the  substrate 
and  the  layered  structure. 


Magnetic  characterization 

The  magnetic  properties  of  the  Fe  films  under  the  thick  (sslOOO  A)  Cu  cap  layers  were  inves¬ 
tigated  ez-aitu  using  both  FMR  and  SQUID  raagnetometry.  Ferromagnetic  signals  were  observed 
using  both  techniques,  and  when  the  techniques  are  used  in  conjuction  it  possible  to  extract  the 
average  moment,  the  coercive  field,  the  in-plane  anisotropies,  and  the  strength  and  sign  of  the 
perpendicular  anisotropy. 
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Figure  3:  The  angle  resolved  FMR  spectrum  o(  a  20  A  Fe/C(100)  filin  taken  at  35  GHz  and  a  hysterisU 
loop  of  the  same  film  taken  in  a  SQUID  magnetometer.  The  film  was  capped  with  «  1000  A  Cu. 
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The  angle  resolved  FMR  signal  taken  at  35  GHz  is  shown  on  the  left  side  of  Fig.  3.  At  zero 
degrees,  the  magnetic  field  is  aligned  along  the  [010]  axis  of  the  diamond  substrate.  This  angle 
could  be  accurately  calibrated  by  monitoring  the  splitting  of  the  nitrogen  electon  spin  resonance 
lines.  When  the  field  is  exactly  along  the  highest  symmetry  axis,  there  will  be  no  splitting  of 
the  nuclear  spin  I  -  ±1  lines  [8].  The  miniumum  resonance  field  was  obtained  at  45°,  indicating 
that  the  easy  axis  in  the  plane  of  the  film  ate  along  the  [Oil]  directions.  We  note  here  that  the 
easy  axis  of  both  bulk  fcc<Fe/Cu(100)  and  bcc-Fe  is  along  the  [001]  directions  [9,  10].  In  addition, 
since  there  is  a  difference  in  the  maxima  at  0  and  90  degrees,  a  small  uniaxial  anisotropy  in  the 
plane  of  the  film  is  also  present.  By  fitting  the  FMR  data,  therefore,  the  following  quantities  can 
be  extracted: 


4xM'  =  17.6  kG 
K,/M,  =  -0.106  kG 
|K„i/M,  =  0.022  kG. 

where  4irM'  is  the  effective  magnetization  (including  a  perpendicular  anisotropy  field),  Ki  is  the 
cubic  magnetocrystalline  anisotropy,  and  Ku  represents  an  in-plane  uniaxial  anisotropy. 

The  SQUID  magnetometer  data  was  obtained  with  the  magnetic  field  applied  in  the  plane 
of  the  film  along  the  [011]  easy  axis.  A  hysteresis  loop  taken  at  100  K  is  shown  on  the  right  in 
Fig.  3.  The  negative  sloping  background  is  due  to  a  diamagnetic  contribution  from  the  nitrogen 
impurities  in  the  diamond  substrate.  From  this  data,  the  absolute  magnetization  Ms  and  the 
coercive  field  He  can  be  obtained: 

M.  =  1900  ±  200  ^ 
cm^ 

He  =  12±2  0e. 


The  error  in  the  magnetization  is  primarily  due  to  the  uncertainty  in  the  film  thickness.  Using 
the  identity 

4xM' =  4xM, -k -jji,  (1) 

M, 

where  Kx  is  the  anistropy  perpendicular  to  the  film,  and  the  formula  for  the  magnetic  dipole 
energy  Ed  of  a  thin  film,  we  find: 


Ed 

Kx 


.3  X  10^  ^ 


The  negative  sign  of  the  perpendicular  anisotropy  means  that  it  favors  a  magnetization  out  of 
the  plane  of  the  film.  However,  it  is  smaller  in  magnitude  than  the  dipole  energy  of  the  film,  and 
the  magnetization  therefore  lies  in  the  plane  of  the  film.  Dividing  Kx  by  the  film  thickness,  we 
find  that  this  would  correspond  to  a  surface  anisotropy  K,  »  1  erg/cm*,  which  agrees  roughly 
with  that  of,  e.g.,  Fe/Cu(100)  [11]. 


Summary 

Evidence  is  presented  that  fcc-Fe  can  be  grown  on  C(IOO)  by  deposition  at  low  temperature 
and  subsequent  annealing  to  300°  C.  The  Fe/C(100)  is  ferromagnetic,  with  a  different  in-plane 
easy  axis  than  fcc-Fe/Cu(100).  The  sign  and  magnitude  of  the  perpendicular  anisotropy  of 
these  systems  is  comparable.  Further  EXAFS  and  angle  resolved  AES  studies  are  in  progress  to 
understand  more  completely  the  structure  of  the  Fe  films.  The  Fe/C(  100)  films  were  capped  with 
Cu,  which  shows  single  crystal  quality  fee  RHEED  and  EXAFS  signals.  Growth  of  Cu(lOO)  in- 
situ  on  a  reusable,  high  resistivity  substrate  such  as  diamond  will  allow,  for  example,  resonance 
and  transport  measurements  to  be  conducted  more  easily  on  samples  grown  on  such  Cu(lOO) 
faces. 
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ABSTRACT 

In  this  paper  we  have  studied  the  dia  and  paramagnetic 
susceptibilities  of  the  holes  in  ultrathin  films  of  dilute  magnetic 
materials  in  the  presence  of  a  quantizing  magnetic  field  and  compared 
the  same  with  that  of  the  bulk  specimens  under  magnetic  quantization 
for  the  purpose  of  relative  comparison.  It  is  found,  taking  Hg^^  ^Mn^Te 

and  Cdj^^^Mn^Se  as  examples,  that  both  the  susceptibilities  increase 

with  decreasing  film  thickness  and  increasing  surface  concentration 
in  oscillatory  manners.  The  numerical  values  of  the  susceptibilities 
in  ultrathin  films  of  dilute  magnetic  materials  are  greater  than  that 
of  the  bulk  and  the  theoretical  analysis  is  in  agreement  with  tne 
experimental  data  as  reported  elsewhere. 

Introduction 

The  interest  in  epitaxial  films  of  Cd^_^Mnj^Te  arises  from  the  novel 

magnetic  properties  due  to  the  Mn  atoms  and  the  close  lattice  match 
and  chemical  compatibility  with  ^Cd^Te,  an  ideal  material  for  long 

wave  length  infrared  detectors.  It  is  worth  remarking  that  the  close 
lattice  match  and  chemical  compatibility  of  CdMnTe  with  HgCdTe  are 
important  because  it  is  possible  to  inonolithically  integrate  devices 
such  as  CdTe  transistors  lHg,Cd,Mn>  11,21,  the  heterojunction  lasers 
(3,5]  and  other  optical  and  electronic  devices  with  HgCdTe  infrared 
focal  plane  arrays.  Recent  advances  in  molecular  beam  epitaxy  techniques 
have  made  possible  the  controlled  substitutional  doping  of  CdTe  (6), 
CdMnTe  (7]  and  CdMnTe-CdTe  superlattices  (8).  Hie  combined  compatibility 
of  controlled  substitutional  doping  and  heterostructure  of  dilute 
magnetic  materials  make  possible  magnetically  tuned  lasers,  magnetic 
field  sensor  and  magnetic  field  sensitive  transistors  [9).  Though 
considerable  work  has  already  been  done  never-theless  it  appears  from 
the  literature  that  the  dia  and  paramegnetic  susceptibilities  of  the 
holes  in  ultrathin  films  of  dilute  magnetic  materials  have  yet  to  be 
investigated.  In  this  paper  we  shall  study  both  the  susceptibilities 
for  the  more  interesting  case  v^ich  occurs  from  the  presence  of  a 
quantizing  caagnetic  field,  taking  Hg  Mn  Te  and  Cd  Mn  5e  as  examples. 

In  ultrathin  films  the  restriction  of  the  motion  of  the  carriers 
along  the  direction  norital  to  the  film  of  the  layer  (say,  the 
z-direction)  may  be  viewed  as  carrier  confinement  in  a  one-dimensional 
potential  well  leading  to  the  quantization  of  the  wave-vector  of  the 
carriers  (known  as  quantum  size  effect)  in  the  z-direction.  In  the 

presence  of  a  quantizing  magnetic  field  along  the  z-direction,  the  free 
motion  parallel  to  the  film  is  also  quantized  forming  Landau  levels 

and  leading  to  diamagnetism.  Moreover,  the  spinning  motion  of  the 

electrons  leads  to  par2unagnetism  due  to  the  spin-splitting  of  Landau 
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levels.  In  this  work  we  shall  study  the  doping  and  film  thickness 
dependences  of  both  the  susceptibilities  of  the  holes  in  ultrathin  films 
of  ^^1-x^x^^  respectively  in  the  presence  of  broadening 
of  Landau  levels. 


i 


Theoretical  Background 


The  hole  energy  spectra  in  bulk  specimens  of  dilute  magnetic  materials 
are  given  by  110] 

E  (k)  =  {^^/2)  t(3/4m  +  l/4in.^)  (k  ^  ♦  k  ^  +  (k  t  3A  (1) 

1 3  Ih  hh  X  y  z  hh  o 

f  . 

and  E  ,  (k)  =  ^^/2)  ((l/4m,,  +  3/4iii^)  (k  ^  t  k  +  (k  i  A  (2) 

4  5  Ih  hh  X  y  z  Ih  o 

where  the  notations  have  been  defined  in  the  above  reference.  In  the 
presence  of  a  quantizing  magnetic  field  B  along  z-direction,  the  modified 
hole  dispersion  laws  in  ultrathin  films  of  dilute  magnetic  materials 
of  width  d^  can  be  expressed  as 


E^,3/2;(k)  =  (n^  .  1)^  . 

^*{\)  "  *"2  *  3 *^”2  *  ‘*0^’ 


(3) 

(4) 


where  =  0,1,2 . .  i=l,2,W^  =  eB/ra^ 

=  a3/4a^j^l  +  U/4m^^n''-,  (l/m^l  =  U  )  t  13/4m^^)) 


and  t.  s  1#2,3 
1 


The  free  energy  of  the  holes,  including  broadening,  is  given  by 

F(3)  =  -  (2eBk3T/hd^)  ( 0^  (A^^^  .  A^^J  .  D^(A3^^  .  A^  _  )J 

where  p^,  the  total  hole  concentration,  can  be  written  as 

p  =  (2eB/x‘lld  )  (D  (t  t  t  )  +  0-  (t  +  t,  )) 
o  O  1  Ir"*"  1  r”  2  2,+  1,- 


(5) 


(6) 


D. 

1 


n.  t. 

imax  imax  ^  .  y. 

— —»  t.  ^  =  a.  (a.  +  COs  C.  )/A.  , 

^  /  1 , +■  i,±  i  ± 

.  «  t.sil 

1=0  1 


n. 


^i^i 


exp  [{kgT) 


-1 


k„  is  Boltzmann  constant,  E  is  the 
B  F 


Fermi  energy  in  the  present  case,  E^  ^  are  the  roots  of  (3)  and  (4) 

respectively,  C.=p.  .A„T,  p.  are  the  respective  broadening  parameters 
and  ^  ®  *■'- 

A.  .  =  1  +  (a  )  +  2(a.  )  (Cos  C.  ) 

x,±  1,1  1,1  1,1 

The  equation  for  diamagnetic  susceptibility  ig 


X.  =  -A  F  (B)  (7) 

d  /  o 

where  is  the  permeability  of  free  space,  F^^(B)  denotes  the  double 

differentiation  with  respect  to  B.  Thus  combining  (5)  to  (7)  we  can 
determine  T^d.  When  spin  splitting  is  considered,  the  free  energy  can 
be  written  as 


t 


\ 

( 

i 

I 

i 

f 
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f(B)  =  p  -  (2eBk  TAid  )  lD,(G,  ^ 
of  B  o  1  !,♦ 


“2  ‘°2,.  ^  '=2,->' 


(8) 


where  is  the  Fermi  energy  when  spin  splitting  is  considered  and  can 
be  determined  from  the  equation 


t  »± 


l^) 

(a. 


p^  *  (2eB/d  nh)  (0,  {H.  >  H,  >  ♦  D,  ^  H,  )J 

o  o  1  1,+  1,-  2  2,+  2,- 


.  ^  +  Cos  C.  ^)  /  G.  ^ 
i.±  i.i  i.i 


exp  [(kgT)*'-.  (Bj  - 


(9) 


^  ^  t  (B  ^2  ‘'“9''itudes  of  the  effective 

g  factors  at  the  valence  bands  whose  dispersion  relations  are 

given  by  (3)  and  (4)  respectively  and 


G.  =  1  +  (iT.  +  2(a“  )  <Cos  C. 

i#i  i#+  i#i  i#i 

Thus  using  the  equation  =  -^^f^^(B)  (10) 


and  combining  (8)  and  (10)  we  can  determine  the  paramagnetic 
susceptibility. 


Results  and  Discussion 


Using  the  appropriate  equations  and  taking  the  parameters  given 

in  [10]  we  have  plotted  and  y  ^  versus  d^  and  n^  in  ultrathin  films 

of  Hg  Mn  Te  and  Cd  ^Mn^Se  as  shown  in  Pigs.  I  and  2  respectively 
where  ^tSe  ^ame  dependences  have  also  been  plotted  for  bulk  specimens 
under  magnetic  quantization  for  the  purpose  of  relative  comparison. 
The  circular  plots  in  Pig. 2  exhibit  the  same  dependences  in  accordance 
with  the  experimental  results  111]. 

The  influence  of  size  quantization  is  immediately  apparent  from  Fig.l 

since  both  X  and  X  ^  in  ultrathin  films  oscillate  with  d  .  The  humps 
7  p  d  o 

occur  when  the  quantum  numbers  change  from  one  fixed  value  to  another 

allowed  one.  For  the  corresponding  bulk  materials r  both  the 

susceptibilities  are  d^  invariant.  From  Fig. 2  it  appears  that  the  values 

of  X  and  increases  with  increasing  p  and  X^=k  X  where  K  is  a 
pd  odop  o 

constant. 


With  varying  nagnetic  field  a  change  is  reflected  in  X 


P 


and 


X^  through 
d 


the  redistribution  of  the  holes  in  magnetosize  quantized  levels.  In 

the  presence  of  broadening,  the  holes  motion  is  possible  in  the 

broadened  sub^bands.  In  the  absence  of  broadening,  the  3D  quantization 
will  lead  to  completely  discrete  energy  levels  which  can  produce  sharp 
oscillatory  changes.  This  follows  from  the  inherent  nature  of  the  30 
quantization  of  the  hole  gas,  since  under  such  quantization,  there  remain 
no  free  hole  states  between  any  two  allowed  sets  of  magneto-size 

quantized  levels,  in  contrast  to  what  has  been  found  fc  the  present 

case  considering  the  influence  of  broadening.  Consequently,  the  crossing 
of  the  Fermi  level  by  the  magneto-size  quantized  subbands  would  have 
much  greater  impact  on  the  redistribution  of  the  holes  among  the  allowed 
sets,  as  found  in  the  present  case  under  broadening.  It  may  be  stated 


that  po  increases  very  much  with  the  consequent  rise  of  the  Fermi  level 
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Fiq.  1  Plot  of  X,  versus  d  in  (a)  ultrathin  films  of  Hq,  Mn  Te  (b) 
^  do  l-x  X 

bulk  specimen  of  Hg,  Mn  Te  (c)  ultrathin  film  of  Cd,  Mn  Se  and  (d) 
l-x  X  l-x  X 

bulk  specimen  of  Cd^_^Mn^Se.  The  plots  e,£,g  and  h  exhibit  the  variations 

of  X  as  functions  of  d  in  Cd,  Mn  Se  for  the  above  cases, 
p  o  1-x  X 


with  respect  to  the  bottom  of  the  lowest  Landau  level  resulting  in  the 
occupation  of  a  large  number  of  Landau  levels  even  under  strong  magnetic 
quantization.  Thus  the  magnetic  quantum  number  becomes  very  large  for 
large  p  ,  leading  to  the  picture  assumed  in  the  well-known  Landau  theory. 

Finally,  it  may  be  noted  that  though  the  mixing  of  holes  and  many  body 
effects  should  be  taken  into  account,  this  simple  analysis  exhibit  the 
basic  qualitative  features  of  the  magnetic  susceptibilities  in  ultrathin 
films  of  dilute  magnetic  materials  and  theoretical  results  are  in 
agreement  with  the  experimental  data  as  given  elsewhere  (11). 


Fig,  2  Plot  of  X  versus  p  for  all  the  of  Fiq.  1.  The 

p  o 

plots  exhibit  the  experimental  results  III). 
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ABSTRACT 

Spin  polarized  electron  energy  loss  spectroscopy  (SPEEDS)  was 
used  to  probe  the  magnetic  state  of  Mn  over layers  on  Fe(lOO) .  Non¬ 
zero  exchange  asymmetries  are  measured  and  found  to  oscillate  with 
a  two  monolayer  period  as  the  Mn  overlayer  thickness  is  varied, 
proving  that  the  surface  layer  of  the  Mn  overlayers  has  a  net 
magnetic  moment  and  that  these  (100)  magnetic  layers  are  aligned 
antiferromagnetically .  The  average  exchange  splitting  of  the  Mn 
surface  layer  is  found  to  be  2.9  eV,  indicating  that  the  Mn  surface 
has  a  magnetic  moment  of  the  order  3  u,.  In  addition,  oxidized  Mn 
overlaycr  surfaces  have  been  studied,  and  the  spectral  features  in 
the  range  0  to  6  eV  energy  loss  can  be  assigned  to  3d-3d 
transitions  of  Mn^’.  No  indication  of  magnetic  ordering  of  the  MnO 
over layer  has  been  oserved. 


INTRODUCTION 

.Magnetic  multilayer  coupling  can  be  described  by  an  RKKV  type 
interaction  when  the  spacer  layers  are  paramagnetic  materials’. 
However,  a  more  interesting  situation  arises  when  the  spacer  layer 
itself  exhibits  magnetic  ordering.  In  the  Fe/Cr/Fe(l00)  system 
two-monolayer  period  oscillations  were  observed^.  Direct 
measurements  of  the  magnetic  order  of  Cr  overlayers  on  an  Fe(ioo) 
surface  have  shown  long  range  order  both  below^  and  above*  the  Neel 
temperature  of  bulk  Cr,  with  a  layer-by-layer  antiferromagnetic 
structure  similar  to  the  near  two  monolayer  spin  density  wave  of 
built  Cr.  In  this  paper  we  report  magnetic  studies  of  Mn  over  layers 
on  Fe(lOO).  Bulk  Mn  is  a  complicated  system  that  can  exist  in 
various  structures  and  magnetic  states.  We  find  that  Mn  on  Pe  does 
show  long  range  magnetic  order  and  that  this  order  is  very  similar 
to  the  Cr/Fe  system. 


EXPERIMENT 

Spin  polarized  electron  energy  loss  spectroscopy  (SPEEDS) 
studies  were  used  to  probe  the  magnetic  state  and  structure  of  the 
Mn  over layers.  The  experimental  arrangement  is  reported 

elsewhere^'*.  Clean  Fe  substrates  were  obtained  by  evaporating  60 
to  70  %  of  Fe  onto  a  Cr(lOO)  crystal.  The  subsequent  Mn 
evaporations  were  performed  from  an  Al^Oj  crucible  at  sample 
temperatures  )7etween  SO^c  and  145'’C,  pressures  of  about  1  x  lO"’  Torr 
and  rates  of  0.2  to  2  &/mih.  All  thickness  measurements  were 
obtained  by  comparing  Auger  peak  intensities,  with  calibration 
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performed  using  a  quartz  microbalance  thickness  monitor.  Both  LEED 
and  Auger  electron  spectroscopy  were  used  to  monitor  sample 
quality.  Prolonged  exposure  to  the  base  pressure  during  the  Mn 
thickness  sweeps  brought  oxygen  contaminations  up  to  10%,  however 
the  spectra  observed  contain  features  that  are  associated  with  Mn 
and  are  decidedly  different  than  the  spectra  for  the  heavily 
oxydized  Mn  films.  The  Mn  spectra  were  sensitive  to  contamination, 
and  leaving  the  sample  idle  for  1  hour  destroyed  the  magnetic 
ordering.  Thus  we  believe  that  the  magnetic  features  observed 
result  from  the  magnetic  ordering  of  the  Mn  overlayers  and  are  not 
induced  by  the  sample  contaminaton. 

The  SPEELS  experiment  performed  consists  of  scattering 
incident  spin  polarized  electrons  off  the  sample  and  collecting 
scattered  electrons  in  the  off-specular  (20°)  geometry.  The 
scattered  electrons  are  then  energy  and  spin  analyzed  using  a  180° 
hemispherical  energy  analyzer  with  an  energy  resolution  of  300  meV 
and  a  100  keV  Mott  detector,  respectively.  Primary  electrons  of 
31.5  eV  generated  in  a  GaAs  photocathode  were  used.  Both  the 
intensity  and  polarization  were  measured  for  scattered  electrons 
from  incident  beam  polarizations  both  up  and  down  relative  to  the 
remanent  magnetic  state  of  the  Fe  substrate.  One  defines  the 
exchange  asymmetry  as  the  normalized  difference  between  scattering 
intensities  for  Incident  up  and  incident  down  electron  spins. 


RESULTS 

The  exchange  asymmetry  of  the  Mn  over layers  was  found  to  be 
critically  dependent  on  the  method  of  sample  preparation.  Detailed 
anneal  studies  reported  elsewhere^  indicated  that  at  temperatures 
between  50°C  and  100°C  an  atomic  smoothing  of  the  surface  occurs, 
and  that  at  150°C  Intermixing  begins.  All  data  reported  here  are 
for  films  grown  between  90°C  and  145°C.  The  measured  asymmetry  of 
the  Mn  overlayers  was  also  found  to  be  sensitive  to  the  temperature 
during  measurement.  Fig.  1  shows  the  measured  exchange  asymmetry 
as  the  temperature  is  varied.  It  is  clear  that  long  range  order 
exists  only  at  lower  temperatures. 


8 

£  ® 

Fig.  1.  The  exchange  S' ^ 

asymmetry  of  2  ML  I 

Mn/Fe(i00)  vs  meas-  I. 

urement  temperature.  <  ^ 

0 


-150  -100  -so  0  50  100  150 
Temperature  (°C) 

The  exchange  asymmetry  spectra  for  the  bare  Fe  film  as  well  as 
3  ML  Mn/Fe  are  shown  in  Fig.  2a.  The  large  negative  values  of  the 
Fe  asymmetry  are  typical  of  a  ferromagnet  magnetized  to 
saturation^.  Since  all  spin  polarizations  are  defined  with  respect 
to  the  Fe  majority-spin  direction,  the  positive  values  of  the  Mn 
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overlayer  asymmetry  indicates  that  the  Mn  surface  layer  is  aligned 
antiferromagnetically  to  the  Fe  substrate.  Also  shown  are  the 
spin-flip  and  non-flip  (spin  conserving)  partial  scattering  rates 
for  incident  up  and  down  electrons.  Spin-flip  scattering  consists 
of  an  incident  electron  filling  a  vacant  state  and  scattering  out 
an  electron  from  a  filled  state  of  opposite  spin.  Thus  the  flip 
scattering  cross  section  probes  a  convolution  of  empty  states  of 
one  spin  with  filled  states  of  the  opposite  spin.  Generally,  the 
energy  loss  of  the  spin-flip  scattering  maximum  corresponds  to  the 
average  exchange  splitting^,  which  in  turn  correlates  with  the 
magnetic  moment  with  a  relationship  of  roughly  1  eV/i  u,.  Thus  the 
location  of  the  spin-flip  scattering  maximum  at  2.9  eV  loss 
Indicates  that  the  surface  of  the  Mn  over layer  on  Fe(lOO)  has  an 
average  exchange  splitting  of  2.9  eV,  and  this  corresponds  to  a 
magnetic  moment  of  the  order  of  2.9  u,.  While  Mn  films  of 
different  thicknesses  showed  different  values  of  the  asymmetries, 
all  Mn  films  measured  showed  spin-flip  scattering  maxima  at  2.9  eV 
loss. 


Fig.  2 (left),  (a)  The  exchange 
asymmetry  vs  electron  energy 
loss  for  3  ML  Mn/Fe(100)  for 
incident  electrons  of  spin 
parallel  (A)  and  antiparallal 
(▼)  to  the  Fe  substrate  major¬ 
ity  spin  direction. 


Fig.  3 (above).  The  exchange 
asymmetry  at  2.9  eV  loss  vs  Mn 
over layer  thickness.  Statisti¬ 
cal  errors  are  contained  within 
the  symbol  size. 


In  order  to  probe  the  magnetic  structure  of  these  Mn 
over layers,  thickness  dependent  data  were  taken  with  the  energy 
loss  held  constant  at  the  Mn  asymmetry  peak  of  2.9  eV  (Fig.  3). 
Since  the  probing  depth  of  our  experiment  is  only  about  a 
monolayer,  the  measured  asymmetry  represents  the  magnetic  state  of 
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the  surface  layer  for  the  given  thickness’.  The  thickness  sweeps 
are  very  similar  to  the  Cr/Fe(100)  SPEELS  studies  reported  earlier, 
with  two-monolayer  oscillations  providing  strong  evidence  for 
layer-by-layer  antiferromagnetic  ordering  of  the  Mn  overlayers. 
Although  substrate  and  sample  quality  did  affect  the  measurements, 
all  samples  showed  the  same  features.  Measurements  were  taken 
between  each  successive  Mn  evaporation,  giving  a  cycle  time  of  10 
to  13  minutes  per  data  point.  Asymmetry  oscillations  as  large  as 
10%  (Fig.  3)  and  oscillations  out  to  21  ML  Mn  were  observed’. 

The  effects  of  exposure  to  oxygen  were  also  observed.  Fig.  4 
shows  the  scattered  beam  polarization  as  well  as  the  flip  and  non¬ 
flip  scattering  intensities  for  a  10  ML  Mn/Fe  sample,  exposed  to 
about  20  langmuirs  of  oxygen.  The  spectrum  shows  several  loss 
features,  all  showing  an  enhancement  of  the  spin-flip  type 
scattering.  The  loss  features  all  correspond  to  the  energies  of 
Mn^*  3d-3d  transitions^-*.  Since  the  ground  state  of  the  Mn^*  ion  has 
a  half  filled  3d-shell,  S  =  S/2  to  S  =  3/2  transitions  are  the  only 
3d-3d  transitions  that  can  be  induced  by  electron  scattering. 
These  transitions  would  involve  significant  spin  flip  components  to 
the  scattering.  Thus  the  energies  and  spin  character  of  the  loss 
features  of  the  exposed  films  are  consistent  with  a  surface 
stoichiometry  of  MnO  rather  than  Mn^Oj.  The  featur-^  locations  also 
correspond  to  recent  unpolarized  EELS  studies  of  bulk  MnO*.  We 
found  no  detectable  exchange  asymmetries  in  the  MnO  surface  data, 
and  thus  conclude  that  no  long  range  order  was  present. 


Fig.  4.  MnO  SPEELS 
data.  (a)  The  scat¬ 
tered  beam  polariza¬ 
tion  vs  energy  loss, 
(b)  The  intensities 
for  spin-flip  and  non¬ 
flip  scattering  as 
well  as  the  total 
scattered  intensity. 
Statistical  errors  are 
contained  within  the 
symbol  size.  The 
corresponding  3d-3d 
Mn^*  transitions  are 
shown . 


DISCUSSION 


The  magnetism  of  Mn  is  complicated.  As  the  structure  of  Mn  is 
varied,  the  magnetic  structure  predicted  from  calculations  runs 
through  paramagnetic,  ferromagnetic  and  antiferromagnetic  states*. 
Additionally,  the  crystal  structure  of  Mn  is  by  itself  a  very 
complicated  system.  Room  temperature  bulk  Mn  forms  a  complex 
structure  with  a  unit  cell  of  58  atoms’*.  Epitaxial  Mn  layers  on 
Fe(lOO)”  have  been  found  to  grow  in  a  face  centered  tetragonal 
(fct)  structure  with  c  »  3.3  &  and  the  in  plane  spacing  of  the  Fe 


385 


substrate,  a  =  2.87  X.  This  structure  can  be  regarded  as  either 
bet  with  c/a  =  1.15  or  fet  with  c/a  =  0.81. 

While  many  calculations  have  been  performed  for  various  bulK 
structures  of  Mn,  none  have  been  performed  for  the  particular 
structure  of  Mn  overlayers  on  Fe(lOO) .  Calculations  for  the 
correct  atomic  volume  but  a  bcc  structure  predict  a  moment  of  2.6 
u,’,  while  calculations  for  the  fet  structure  but  slightly  smaller 
atomic  volume  predict  moments  of  2.3  to  2.5  u,  for  various  c/a 
ratios,  including  0.8l’*.  Additionally,  the  spin  dependent  density 
of  state  curves  shown  with  these  calculations  show  apparent  average 
exchange  splittings  of  2.9  to  3.3  These  values  are 
remarkably  close  to  our  measured  value  of  2.9  eV. 

It  is  interesting  to  compare  our  thickness  dependent 
measurements  with  previous  results  for  the  Cr/Pe,  Fe/Cr/Fe  ana 
Fe/Mn/Fe  systems.  In  the  case  of  the  Fe/Cr  system,  for  Cr 
thicknesses  greater  than  5  ML,  it  has  been  established  both 
experiment:.: ly^*  and  theoretii-ally'*  that  the  C”  overlayers  form 
ferromagnetic  (100)  sheets  aligned  antiferromagnetically  and  that 
Fe/Cr/Fe  sandwiches  show  two  monolayer  coupling  oscillations  as  the 
Cr  thickness  is  varied,  implying  that  the  Fe  coupling  is  mediated 
by  the  magnetic  state  of  the  Cr  spacer  layer.  For  Mn  films  thicker 
than  5  ML  we  find  that  the  Mn  overlayers  form  ferromagnetic  (100) 
sheets  aligned  antiferromagnetically,  as  the  Cr  overlayers  do. 
Since  the  Mn  overlayers  on  Fe  form  a  layer-by-layer  antiferromagnet 
very  similar  to  the  Cr  overlayers,  one  would  expect  that  the 
Fe/Mn/Fe  system  would  oscillate  just  as  in  the  Fe/Cr/Fe  system. 
However,  this  is  in  contradiction  with  the  recent  studies  of 
Purcell  et  al.,  who  observed  only  antiferromagnetic  couplings  for 
Mn  thicknesses  greater  than  4  to  7  ML,  with  oscillatory  modulations 
in  the  coupling  strength". 

We  believe  that  this  discrepancy  results  from  differences  in 
sample  growth  temperatures  and  measurement  temperatures.  Our 
previously  reported  anneal  studies’  showed  that  annealing  above  50°C 
provided  smoother  films  and  an  enhancement  of  the  magnetic  signal 
by  a  factor  of  3.  Additionally,  temperature  studies  clearly  show 
(Fig.  1)  that  measurements  at  low  temperatures  provide  a  magnetic 
signal  much  larger  than  room  temperature  measurements.  The 
Fe/Mn/Fe  samples  of  Purcell  et  al.  were  grown  at  SO'C  and  measured 
at  room  temperature.  These  films  would  have  reduced  magnetic 
ordering  due  to  increased  surface  roughness  and  higher  temperatures 
of  measurement.  If  the  Fe-Fe  coupling  is  mediated  by  the  Mn 
layers,  then  one  would  expect  that  the  reduced  ordering  of  the  Mn 
layers  would  reduce  the  superlattice  coupling  between  the  Fe 
layers.  Since  the  dipole  interactions  of  the  Fe  films  would  favor 
an  anti ferromagnetic  alignment,  a  reduction  in  the  coupling 
strength  would  provide  precisely  the  results  of  the  Purcell  group; 
a  dipole  dominated  antiferromagnetic  alignment  with  two  monolayer 
coupling  strength  oscillations  due  to  the  Mn  magnetic  effects. 
Thus  one  would  expect  that  smoother  films  with  low  temperature 
measurements  would  provide  coupling  oscillations  in  the  Fe/Mn 
multilayers. 

CONCLUSION 

We  have  performed  detailed  SPEELS  studies  of  the  surface  layer 
of  Mn  overlayers  on  Fe(ioo)  and  found  the  value  of  the  average 
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exchange  splitting  to  be  2.9  eV.  This  value  corresponds  to  a 
surface  magnetic  moment  of  the  order  2.9  Ug,  comparing  well  with 
calculated  values.  The  exchange  asymmetry  on  the  surface  of  Mn 
over layers  on  Fe(lOO)  was  measured,  providing  strong  evidence  for 
a  layer-by-layer  antiferromagnetic  structure  coupled  to  the  Fe 
substrate.  The  magnetic  ordering  of  the  Mn  is  found  to  be 
temperature  dependent,  indicating  that  Fe/Mn  super lattices  should 
show  two  monolayer  period  coupling  oscillations  at  low 
temperatures.  Oxidized  Mn  overlayers  show  several  loss  features 
that  are  consistent  with  a  MnO  surface,  although  no  evidence  for 
long  range  magnetic  order  was  found. 

This  project  was  supported  by  the  NSF  through  grant  No.  DMR 
9119815. 
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ABSTRACT 


We  have  investigated  structural  and  magnetic  properties  of  CoPt  alloy  films  uith 
strong  perpendicular  magnetic  anisotropy  in  the  thickness  range  between  100.4  and 
400A.  From  a  detailed  x-ray  analysis  we  find  highly  (lll)-tcxtured  CoPt  microcrystal¬ 
lites  in  all  samples.  STM  studies  reveal  a  granular  topography  with  grain  diameters  of 
up  to  250A.  Measurements  of  hysteresis  loops  yield  a  saturation  field  which  increases 
with  thickness,  and  which  is  consistent  with  a  freely  mobile  domain  model.  Brillouin 
light  scattering  measurements  of  the  frequencies  of  the  surface  and  standing  spin  wave 
modes  yield  a  bulk  exchange  constant,  which  is  strongly  dependent  on  the  Pt  content. 


INTRODUCTION 

Polycrystalline  Coj.^Ptjj  alloy  films  have  recently  been  demonstrated  as  attractive 
media  for  magneto-optical  storage  applications  [1-4).  All  magnetic  parameters  arc 
strongly  dependent  on  the  film  composition,  the  film  thickness  and  the  growth 
conditions.  For  alloys  evaporated  in  high-vacuum  at  w  200°C  a  perpendicular  easy 
magnetization  axis  htis  been  reported  in  a  broad  composition  range  of  50-90  at.%  Pt  [1). 

From  the  application  viewpoint,  alloy  films  have  several  advantages  compared  to 
corresponding  Co/Pt  multilayers  of  the  same  composition  ratio.  Their  fabrication  is 
easier  and  the  Kerr  effect  is  larger,  particularly  in  the  UV  region,  which  makes  them 
particularly  attractive  for  future  magneto-opticid  storage  applications  [2,4]. 

The  microstructure  of  CoPt  alloy  films  is  mainly  determined  by  granular  growth  and 
its  importance  for  magnetic  properties  has  been  recognized.  For  instance,  Kitada  and 
Shimizu  [5]  reported  for  sputtered  Co,  Ptjj  alloys  (x=0-50at.%)  a  linear  correlation 
between  grain  sizes  and  the  coercive  fiela  strength.  The  exchange  interaction,  which  is 
strongly  related  to  the  particular  microstructure,  was  identified  as  one  of  the  most 
important  f2u;tors  in  controlling  magnetic  properties  [6,7].  Murayama  ct  al.  [8] 
measured  the  exchange  interaction  in  sputter^  Coj_jjPtx  alloy  films  (x=0-14at.%)  and 
showed  that  magnetic  inhomogeneities  caused  by  the  distribution  of  grain  size  and  their 
sepeiration  are  closely  related  to  the  Pt  content  [8].  For  sputtered  CoNiPt  alloy  films 
the  exchange  constant  was  found  to  be  strongly  reduced  compared  to  evaporated 
CoNiPt  films  [9]. 

In  this  paper  we  present  for  the  first  time  data  on  the  bulk  exchange  interaction 
constant,  A^^  ,  for  perpendicularly  magnetized  alloy  films  investigated  by  Brillouin  light 
scattering  experiments.  A  structural  <meilysis  yields  data  on  the  (vertical  and  lateral) 
average  grain  size  and  the  texture  of  Co2^Pt-j^  alloy  films.  We  discuss  the  thickness 
dependence  of  hysteresis  properties  within  the  ftamework  of  a  stripe  domain  model  [10], 
and  present  evidence  for  a  correlation  between  the  domain  wall  mobility  and  the 
average  grain  size. 

Mat.  Res.  Soc.  Symp.  Proc.  Vo).  313.  «1993  Materials  Research  Society 
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EXPERIMENTAL 

The  investigated  alloy  films  were  e'-bcam  evaporated  in  a  lO'^mbar  vacu\im  system 
on  polished  Si  (100)  substrates  covered  vith  an  etched  SiNj(  buffer  layer  (see  Ref.  (11)). 
For  some  samples  (sec  further  below),  an  additional  40A  Pt  buffer  layer  was  used.  The 
deposition  temperature  was  »  220‘C  and  subatomic  layering  or  coevaporation  of  Co  and 
Pt  was  employed  in  order  to  obtain  large  values  for  the  perpendicular  anisotropy.  K,,. 
The  composition  was  measured  with  x-ray  fluorescence  (XRF),  and  structural  informa¬ 
tion  was  investigated  by  x-ray  diffraction  (XRD).  The  hysteresis  loops  were  obtained 
with  the  polar  Kerr  effect  and  the  Brillouin  light  scattering  experiments  were  performed 
using  a  computer-controlled  Sandercock-type  (3-l-3)-pass  tandem  Fabry-Perot  interfero¬ 
meter  in  backscattering  geometry  [12j. 


RESULTS  AND  DISCUSSION 


Since  magnetic  properties  depend  strongly  on  the  microstructurc,  (i.e.,  grain  sizes 
and  their  orientation,  defect  structure)  an  analysis  of  the  latter  is  eminently  important. 
Here  we  briefly  review  some  of  the  main  results  obtained  by  x-ray  diffraction  and 
scanning  tunneling  microscopy  (STM). 

The  film  structure  is  of  cubic  symmetry  with  the  fee  (111)  lattice  planes 
preferentially  oriented  parallel  to  the  film  plane.  Strong  texturing  is  indicated  by  a 
weak  fee  (200)  reflection,  which  is  only  about  3%  of  the  (111)  reflection,  and  the  degree 
of  texturing  increases  if  a  Pt  buffer  is  introduced  (see  below)  [1).  From  the  width  of  the 
CoPt(lll)  reflection  in  the  0-20  XRD  geometry  we  infer  average  vertical  grain  sizes  of 
90A,  140A  and  160A  for  film  thicknesses  d  =  100,  200  and  300A,  respectively.  These 
studies  were  complemented  by  STM  surface  topography  measurements.  The  granular 
structure  is  clearly  resolved.  The  lateral  grain  size  is  similar  in  all  samples  and  shows  a 
variation  typically  of  the  order  of  100  to  230A. 

Magnetic  hysteresis  properties  were  ch^acterized  with  polar  Kerr  loops.  For  all 
samples  the  remanence  is  100%  and  the  cocrcivity  is  independent  on  d.  Films  with 
d-=100A  show  almost  perfect  square  loops.  With  increasing  film  thickness  the  hysteresis 
loops  are  sheared  and  the  perpendicular  saturation  field,  Hj  ,  at  which  magnetization 
reaches  saturation,  incretises  strongly. 

Draaisma  et  al.  [10]  calculated  the  shape  and  the  properties  of  perpendicular  mag¬ 
netization  curves  of  single  magnetic  layers  and  multilayers  with  strong  perpendicular 
anisotropies  within  the  framework  of  a  stripe  domain  model.  The  model  assumes  freely 
mobile  domain  walls  (no  cocrcivity)  and  is  based  on  minimizing  the  total  free  energy  of 
the  system  taking  into  account  field,  wall  and  demagnetization  energy  contributions. 
For  details  see  also  the  work  of  Kooy  and  Enz  (13).  Within  this  model  the  dependence 
of  Hg  on  the  film  thickness  can  be  calculated  with  the  domain  wall  mobility,  character¬ 
ized  by  a  characteristic  length,  r  =  as  a  fit  pareimcter.  Here  ayr  is  the  domain 

wall  energy  density  and  Fp  =  is  the  demagnetizing  energy. 

Fig.  1  shows  the  dependence  of  Hg  on  the  reduced  film  thickness  d/r  (solid  line)  for 
a  single  magnetic  layer  using  the  model  of  Draaisma  et  ^ll.  [10].  The  circles  are  the 
measured  vJues  of  Hg  for  Co25Pt^r  alloy  films  with  thicknesses  as  indicated.  The  ex¬ 
perimental  data  can  be  well  reproduced  by  choosing  a  value  for  t  of  120  ±15  A.  For 
smaller  film  thicknesses  only  stripe  domains  were  observed  in  auxiliary  Kerr  microscopy 
investigations  [14]. 
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Fit-  1: 

Perpendicular  saturation  field,  H,,  vs. 
reduced  film  thickness  d/r.  The  circles 
denote  the  measured  values  of  H,  .  The 
solid  line  is  a  fit  using  a  model  of 
Draaisma  et  al.  (see  text)  and  the 
character- •tic  length  r  is  a  free  parameter. 
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The  experimental  value  of  t  =  120A  can  be  compared  to  an  estimate  obtained  from  the 
domain  wall  energy  <Tyy.  With  a:  Ky  and  with  the  exchange  constant  Ajx  = 

0.43 •  10'‘*J/m,  the  saturation  magnetization  M,  =  370kA/m  and  the  uniaxial  aniso¬ 
tropy  Ku  =  0.2MJ/m^,  we  obtain  a  value  of  r  =  320A  which  is  of  the  same  order  of 
magnitude  as  the  experimental  value.  Here  we  used  values  for  A^x  .  and  Ky 
obtained  by  Btillouin  light  scattering  as  discussed  below.  We  would  like  to  point  out 
that  for  both  cases  r  is  of  the  order  of  the  grain  sizes.  Magnetic  inhomogeneities  at  the 
CTain  boundaries  (see  below)  might  therefore  determine  the  domain  wall  mobility 
(coercivity)  in  these  films. 

We  now  turn  to  the  determination  of  the  exchange  interaction  in  the  alloy  films. 
For  a  detailed  study  we  prepared  three  additional  sets  of  Co|_jjPtx  alloy  films  with 
X  =  45,  60,  74at.%  and  of  thicknesses  d=  100,  200,  300  and  400A  each.  Contrary  to  the 
samples  discussed  so  far  (x=75at.%),  the  new  sample  sets  have  a  40A  Pt  buffer  layer  in 
between  the  etched  SiNx  buffer  layer  and  the  alloy  film  and  were  deposited  by 
coevaporation  rather  than  subatomic  layering. 

The  exchange  interaction  is  obtained  by  measuring  the  frequencies  of  inelastically 
scattered  light  from  spin  waves  using  the  Brillouin  light  scattering  technique  [15-18]. 
Two  types  of  spin  wave  modes  contribute  to  the  scattering  cross  section.  First,  the 
Damon- Eshbach  (DE)  mode,  which  is  a  dipolar  mode  localized  at  the  film  surface,  and 
which  is  sensitive  to  the  magnetization  and  anisotropy  contributions.  Second,  the  so- 
called  standing  spin  wave  (SSW)  modes,  which  are  in  addition  sensitive  to  the  bulk  ex¬ 
change  constant,  A^x-  Apart  from  the  crossing  regime  with  the  Damon-Eshbach  mode 
the  standing  spin  waves  are  characterized  by  a  wavcvector  q  =  nv/d  with  n  the  integer 
mode  order;  their  frequency  v  is  given  by  2xi//7  =  D  q^  with  7  the  gyromagnetic  ratio 
and  D  =  2Ajx/Ms  the  spin-wave  stiffness  constant.  The  magnetic  properties  are 
obtained  by  a  fit  of  a  suitable  model  [18],  which  contains  all  details  of  the  spin-wave 
dispersion,  to  the  experimentally  obtained  spin  wave  dispersion  properties.  Here  we 
used  the  saturation  magnetization,  Mj  ,  the  uniaxial  anisotropy  constant,  Ky  ,  and  the 
exchange  constant,  Ajx  ,  as  fit  parameters  [15,18).  The  results  for  M,  and  Aex  are  listed 
in  Table  I. 

All  measured  alloy  films  show  well-defined  spin  wave  spectra,  i.e.,  the  Damon- 
Eshbach  mode  and  the  first  standing  spin  wave  of  the  film.  The  width  of  the  observed 
modes  is  much  broader  than  the  experimental  resolution  which  is  indicative  of  large 
magnetic  inhomogeneities  caused  by  the  granular  structure  [9,8]. 

The  standing  spin  waves  were  identified  by  their  characteristic  1/d^  dependence  on 
the  film  thickness,  d.  This  is  demonstrated  in  Fig.  2.  The  measured  (squares)  and 
fitted  (full  lines)  spin  wave  frequencies  are  shown  for  Co55Pt,j5  alloy  films  as  a  function 
of  the  film  thickness  in  an  applied  field  of  20  kOe.  The  results  of  A^x  and  D  for  all  four 
sets  of  samples  are  listed  in  Table  I. 


Fig.  S:  Fig.  3: 

Measured  (squares)  and  calculated  (solid  Bulk  exchange,  constant  as  a 
line)  s'l/in  wave  frequencies  for  Co^^Pt^^  function  of  the  Pt  content  of 
alloy  films  of  up  to  SOOA  thickness  in  an  Co^  y^Pt^  alloys.  The  full  dots  (square) 

applied  magnetic  field  of  20  kOe.  The  denote  data  of  alloy  films  with  (without)  a 

parameters  for  the  calculation  are:  M,=780  fOA-thick  Pt  buffer  layer.  The  value  for 
kA/in,  Afj(—  1.33-  IT  '  J/m  anl  x~0  (bulk  ’.rp  Co)  w.l.-  !al  r 

Ky^=O.IMJ/m^.  The  Damon- Eshhach  Ref.  [19].  The  triangle  represents 

mode  (DE)  and  the  standing  .spin  wave  a  sputtered  CoggPi)  )  film  [8], 

modes  (SSW)  are  indicated. 

The  results  for  the  exchange  constant,  arc  plotted  in  Fig.  3  as  a  function  of 

the  Pt  content.  The  full  dots  denote  the  values  for  Coj  Pt,  alloy  films  wi  th  a  40A  Pt 
buffer.  The  value  for  x— 0  is  the  valtte  V»ulk  hep  Co,  which  2.85-  10"'*  J/m.  Clearly  a 
strong  dependence  of  A^x  on  the  Pt  content  is  observed.  We  would  like  to  mention 
the  observed  dependence  is  mainly  due  to  the  reduction  of  the  saturation  magnetization 
with  increasing  Pt  content  [1].  The  obtained  values  for  the  spin-wave  stiffness  constant. 
D,  do  not  vary  as  a  function  of  Pt  content  within  the  error  bars  of  ±8%  (sec  Tab.  I). 
This  might  be  indicative  of  a  structurally  uniform  growth  of  the  system  independent  of 
the  Pt  content.  For  comparison,  the  obtained  exchange  constant  for  a  Co.)5pty^  alloy 
film  without  a  Pt  buffer  layer  is  shown  in  Fig.  3  as  a  square.  This  value  is  reduced  by 
almost  a  factor  of  2  compared  to  the  same  sample  with  a  Pt  buffer  layer.  It  is  likely 
that  this  finding  is  due  to  the  reduced  degree  of  (111)  texturing  in  the  film.s  without  Pt 
buffer  layer.  As  already  pointed  out  by  Murayama  et  al,  [8]  for  sputtered  Coj  j^Ptx 
films  (x  =  0-14at.%)  of  250A  thickness,  any  reduction  in  the  degree  of  texture 
improves  the  formation  of  grain  separations  by  non  magnetic  Pt.  which,  in  turn,  will 
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MAGNETORFSISTANCE  AND  STRL'CTDRE  OF  GRANULAR  Co/Ag  THIN 
FILMS 


'  1ARY  BETH  STEARNS  AND  YL'ANDA  CHENG* 

Arizona  State  University.  Department  of  Physics  and  Astronomy.  Tempe.  Arizona.  S.S2S7 


ABSTRACT 


Several  senes  of  COiAgi  ,  granular  thin  films  l-.MXX)A)  were  fabncaied  by  coevapora¬ 
tion  of  Co  and  Ag  in  a  dual  e-beam  UHV  deposition  system  at  varying  substrate  temperaiures 
These  films  have  low  field  magnetoresistance  values  as  large  as  .f  at  room  temperature  and 
659fc  at  liquid  Ny  temperature.  The  structure  of  the  films  was  determined  using  magnetization 
measurements  as  well  as  x-ray  and  various  electron  microscopy  techniques.  The  composition 
was  determined  using  Rutherford  backscattering  spectroscopy.  The  magnetoresistance  was 
measured  at  both  room  and  liquid  Ny  temperatures. 

We  deduce  from  the  magnetization  and  RBS  measurements  that  the  films  consist  of  Co 
globules  embedded  in  a  Ag  matrix  and  that  there  is  no  appreciable  mixing  of  the  Co  and  Ag 
atoms  in  the  films  deposited  at  substrate  temperatures  >  400“K.  The  size  of  the  Co  globules  is 
.seen  to  increase  with  increasing  Co  concentration  and  the  maximum  magnetoresistance  occurs 
in  those  films  having  the  smallest  Ag  thickness  which  provides  magnetic  isolation  of  the  Co 
globules. 

We  suggest  that  the  large  magnetoresistance  of  these  films  arises  from  the  same 
mechanism  which  causes  the  low  field  magnetoresistance  in  pure  ferromagnets.  namely,  the 
scattering  of  the  highly  polarized  d  conduction  electrons  of  the  Co  at  magnetic  boundaries.  The 
large  increase  in  the  room  temperature  magnetoresistance  of  the  Co/Ag  films  as  compared  to 
those  of  pure  3d  ferromagnetic  films  is  due  to  the  distance  between  the  magnetic  boundaries 
being  reduced  to  a  few  nanometers,  because  of  the  small  size  of  the  single  domain  Co  globules, 
as  compared  to  a  few  microns  in  3d  ferromagnets. 


INTRODUCTION 


Recently  it  has  been  found  that  granular  as  well  as  layered  structures  have  a  large 
magnetoresistance,  MR,  at  room  temperature'  -.  In  particular  the  Co,Agi  »  system’  was 
found  to  have  MR  values  of  -30%  at  room  temperature.  It  is  known  that  Co  and  Ag  are 
immiscible  and  the  surface  free  energy  of  Co  (2.7 1  J/m^)  is  more  than  twice  that  of  Ag  ( 1 .30 
J/m^).  We  find  that  the  films  deposited  at  substrate  temperatures  which  are  high  enough  so  that 
the  adatoms  have  appreciable  mobility  are  completely  segregated.  The  Co,Cui.i  system  is 
much  less  favorable  for  complete  segregation  since  the  surface  free  energy  of  Cu  (1.93  J/m-)  is 
closer  to  that  of  Co. 

Here  we  study  the  correlation  between  the  microstnicture  and  magnetic  and  resistive 
properties  of  Co/Ag  granular  films.  Because  of  the  simpler  structure,  the  magnetoresistance 
behavior  of  the  well  segregated  Co/Ag  granular  structures  are  more  amenable  to  modeling  than 
the  complex  structure  of  multilayers.  TEM  micrographs  of  many  multilayer  systems  have 
shown  that  usually  only  the  first  few  bilayers  are  of  good  quality  with  strong  columnar  growth 
and  severe  intermixing  occurring  in  the  layers  fuither  from  the  substrate. 

We  consider  that  the  magnetoresistance  in  the  Co/Ag  granular  films  is  due  to  the  same 
mechanism  causing  magnetoresistance  in  pure  ferromagnets.  namely,  scattering  of  the  highly 
polarized  d  conduction  electrons  of  the  Co  r  lagnetic  boundaries.  In  the  granular  structures 
the  room  temperature  magnetoresistance  is  .  uch  larger  than  that  of  the  pure  ferromagnets 
because  the  domain  size  has  been  greatly  reduced  from  the  micron  range,  typical  of  pure 
ferromagnets,  into  the  nanometer  range,  "niis  small  domain  size  is  achieved  in  the  Co,Agi , 
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system  because  there  is  essentially  complete  segregation  of  the  Co  and  Ag  and  at  Co 
concentration  of  <37  at.%  Co  the  single  domain  Co  globules  are  magnetically  isolated  by  the 
non-magnetic  Ag  matrix. 


EXPERIMENTAL  DETAILS 


Several  series  of  Co,Agi  ,  and  pure  element  films  were  prepared  by  evaporation  of  Co 
and  Aa  in  a  dual  e-beam  gun  UHV  deposition  system.  The  nominal  thickness  of  the  films  was 
~3000A.  High  purity  single  crystal  Si  wafers  with  an  oxidized  surface  layer  were  used  as  the 
substrates.  The  deposited  samples  consisted  of  a  square  of  -2  cm  on  a  side  and  a  dumbbell 
pattern  with  a  small  neck  of  ~0.2mm  x  5mm  for  resistance  measurements.  In  order  to  study 
changes  in  the  microstructure  the  substrate  temperature,  Tj.  was  varied  from  room  temperature 
(RT)  to  50C°K  .  The  deTOsition  rate  of  Co  was  kept  constant  at  0.6  Aysec  while  the  Ag  rate 
was  varied  from  0.5  to  2  A/sec  in  order  to  change  the  composition  of  the  films. 

A  Rigaku  D/Max-HB  x-ray  diffractometer  with  CuKa  radiation  was  used  to  study  the 
grain  size  and  cry  stal  orientation  of  the  films.  The  Co  and  Ag  were  found  to  be  fee  with 
preferential  growth  in  the  <1 1 1>  direction.  Studies  of  the  morphology  of  the  films  were  made, 
and  are  still  in  progress,  using  cro,ss-sectional  electron  microscopy  as  well  as  a  number  of  other 
electron  microscopy  techniques.  The  atomic  compositions  were  determined  using  Rutherford 
Backscattering  (RBS). 

The  magnetization  curves  were  measured  on  a  small  rectangle  using  a  vibrating  sample 
magnetometer  whose  maximum  field  was  10  KOe.  The  magnetoresistance  was  measured  on 
the  dumbbell  shaped  samples  using  the  four-probe  method  in  a  field  varying  up  to  14  KOe. 
The  four  probes  were  gold  plated  stop  balls  which  were  connected  to  a  digital  voltmeter  which 
supplied  a  constant  current  of  10  mA  through  the  sample.  The  resistivity  was  found  to  be 
independent  of  the  size  of  the  current.  Resistance  measurements  were  made  at  both  room  and 
liquid  N2  temperatures.  The  magnetoresistance  (MR)  measurements  were  made  for  the  applied 
field,  H,  in-plane  and  perpendicular  to  the  film  and  with  the  current  both  transverse  (TMR)  and 
parallel  (LMR)  to  the  field. 


MAGNETIZATION  MEASUREMENTS 


For  each  series  of  films,  made  at  a  fixed  T*.  those  with  less  than  -  35  at.%  Co  were 
superparamagnetic  indicating  that  the  Co  atoms  are  clustered  together  into  magnetically  isolated 
globules.  The  magnetization  curves  began  to  open  up  near  zero  field  for  compositions  between 
35-40  at.%  Co.  With  increased  Co  concentration  the  non-reversible  hysteresis  loop  continued 
to  grow  and  the  coercive  fields  of  the  films  increased.  The  average  moment,  ji  .  and  number 
of  the  Co  globules,  Ng,  were  obtained  from  fitting  the  magnetization  curves  to  a  Langevin 
function  using  Kaleidagraph. 


M  =  Ngp  lctnh(p  H/kT)  -  l/(p  H/kT)], 


(1) 


where  Ms=  No  p.  Assuming  that  each  Co  atom  in  the  globules  has  a  full  RT  moment,  pco= 
1.72  pb.  '*'6  Obtained  the  number  of  Co  atoms  per  globule.  Nco  =  p  /Pco-  If  we  know  the 
average  volume  per  Co  atom,  Vco.  we  can  then  obtain  the  average  volume  of  the  globules, 
Vg=  Nco  Vco- 

We  found  that  the  Vco  values  are  quite  different  from  the  bulk  value.  They  were 
obtained  in  the  following  way;  On  measuring  the  magnetization  curves  of  pure  Co  films 
deposited  at  the  various  substrate  temperatures  we  found  that  the  saturation  magnetizations 
were  about  75  -80%  that  of  the  bulk  value.  We  attributed  this  to  voids  in  the  films  and  from 
the  measured  Ms  values  calculated  Vco  of  the  Co  atoms  in  the  films.  This  assumption  was 
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confirmed  by  RBS  measurements  in  two  ways:  Using  RBS  we  determined  the  atomic 
fractions  of  Co  and  Ag  and  number  of  atoms  percm^.  Ns,  of  each  film.  The  average  volume 
for  each  atom  could  be  deduced  from  the  known  film  thicknesses  (from  profilimeter 
measurements)  and  the  Nj  values;  again  assuming  that  any  variation  from  the  bulk  values  was 
due  to  voids.  The  average  volumes  could  also  be  deduced  from  the  measured  atomic  volumes 
and  the  volume  fractions  known  from  the  deposition  rates.  Both  of  these  determinations 
agreed  well  with  the  values  obtained  from  the  pure  Co  films.  Upon  viewing  the  granular  films 
with  cross-sectional  TEM  micrographs  we  indeed  saw  that  they  contain  voids  as  well  as 
spherically  shaped  Co  particles.  For  the  granular  films  near  optimum  conditions  the  saturation 
magnetizations  were  the  same  as  in  the  pure  Co  films  indicating  that  the  Co  and  Ag  have  a 
negligible  fraction  of  mixed  regions. 

The  volume  fractions,  fv,  of  the  granular  films  were  also  obtained  from  fv=  NgVg. 
These  agreed  well  with  tho,se  obtain  from  the  deposition  rates  and  RBS.  Taking  the  globules  to 
be  spherical,  as  seen  by  XTEM,  we  obtained  the  average  radius  of  the  Co  spheres,  to-  These 
values  are  shown  plotted  as  a  function  of  Co  at.%  in  Fig.  la.  The  Co  globules  in  the  films 
deposited  at  400°K  and  above  are  seen  to  have  average  radii  of  23-26A.  The  average  volume 


(a) 


Fig.  1.  Variation  of  the 
(a)  average  Co  globule  — 
radius,  ro,  (b)  cell  size,  ’2. 
D,  and  (c,  the  minimum  a 
Ag  thickness,  t/^,  as  a 
function  of  at.%  Co. 


%Co 


of  a  cell  containing  a  Co  globule  and  its  surrounding  Ag  matrix  is  given  by  Vc=Vg/  fv. 
Assuming  that  this  volume  is  in  the  shape  of  a  cube  we  can  obtain  the  average  cube  side,  D. 
These  values  are  shown  in  Fig.  lb.  We  see  that  for  the  better  films  these  are  in  the  range  of 
55-65A.  Thus  we  conclude  that  the  Co/Ag  granular  films  deposited  at  Ts  2  400'’K  consist  of 
segregated  Co  globules  embedded  in  a  matrix  of  pure  Ag.  From  previous  experience  of 
observing  XTEM  micrographs  of  the  structure  of  metallic  films  of  many  different  materials 
which  are  deposited  by  evaporization  at  various  substrate  temperatures  we  know  that  usually 
the  films  deposited  at  RT  are  of  very  poor  quality^.  This  is  due  to  the  small  surface  mobility  of 
the  adatoms  at  RT  so  that  the  crystallites  are  small  and  jagged.  The  quality  of  the  films 
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improves  greatly  for  films  deposited  at  400°K  and  above.  The  x-ray  spectra  confirm  this 
behavior. 

A  quantity  of  interest  in  determining  the  magnitude  of  the  MR  effect  is  the  average 
minimum  thickness  of  the  Ag,  tAg  =  D  -  2ro.  between  the  Co  globules.  These  values  are 
shown  in  Fig.  Ic.  It  is  significant  that  the  appearance  of  the  non-reversible  open  hysteresis 
loop  sets  in  at  tAg  -lOA  for  all  the  series  with  Ts  ^  400°K  and  that  at  all  Co  concentrations  tAg 
is  the  smallest  at  the  optimum  substrate  temperature.  T*  =450°K. 


MAGNETORESISTANCE  MEASUREMENTS 


The  resistance  variation  with  applied  field.  H.  was  measured  at  RT  and  liquid  NT  with 
H  both  in-plane  and  perpendicular  to  the  films.  For  the  superparamagnetic  films  the  transverse 
magnetoresistance  (TMR)  was  independent  of  the  orientation  of  the  field  with  respect  to  the 
film.  For  an  in-plane  field  the  longitudinal  magnetoresistance.  LMR  (the  current  and  H  in  the 
same  direction)  was  slightly  different  than  the  TMR  in  agreement  with  there  being  an  increase 
in  resistance  with  H  due  to  the  anisotropic  shape  of  the  electronic  cloud  of  the  d  electrons  being 
visible  because  of  spin-orbit  coupling*-^.  For  these  granular  films  the  anisotropic 
magnetoresistance,  AMR=LMR-TMR,  was  found  to  have  a  maximum  value  of  about  the  same 
as  for  pure  Co  films;  i.e.,  ~t%. 

In  the  rest  of  this  paper  we  will  consider  only  the  TMR.  The  magnetoresistance  is 
defined  here  to  be  MRb  R(H)  -Rmin^niin  =  P(H)  -Pmin  /Pmin  =  ^P  /pmin-  Since  for  many  of 
the  samples  our  ma.ximum  field,  HKOe,  is  not  quite  sufficient  to  reach  Rmm  we  determined  its 
value  by  fitting  the  magnetoresistance  curves  with  two  Lorentzian  functions  using 
KaleidaGraph.  Typical  fits  to  both  the  magnetization  and  the  magnetoresistance  curves  are 
shown  in  Fig,  2.  The  dashed  curves  through  the  data  points  are  the  fitted  curves.  In  this  way 
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Fig,  2.  Typical  fits  to  the  magnetization  and  the  magnetoresistance  curves  are  shown  for  37 
at.%  Co  film  deposited  at  450“K. 


we  determined  Rmax-Rmin  or  the  more  fundamental  quantity  Apmax-  its  variation  with  %  Co  is 
shown  in  Fig.  3a.  We  see  that  for  each  substrate  temperature  above  300°K  Apmax  increases 
with  at.%  Co  up  to  where  tA^g  -lOA  where  the  films  start  developing  some  coupling  between 
the  Co  globules.  This  coupling  was  also  strikingly  evident  in  the  relaxation  behavior  of  these 
films.  In  measuring  the  magnetoresistance  curves  it  was  observed  that  at  fields  near  the 
coercive  field  and  in  the  open  magnetization  loop  it  took  extraordinarily  long  times  for  the 
resistance  to  come  to  equilibrium;  -in  some  films  several  minutes. 

We  show  the  variation  of  pmin  with  %  Co  in  Fig.  3b  It  is  seen  to  be  quite  independent 
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of  at.%  Co  and  decreases  with  increased  substrate  temperatures.  Thus  increasing  the  amount 
of  the  higher  resistivity  element  Co  does  not  increase  the  resistivity  of  the  films.  The  poorer 
quality  SOO^K  films  are  seen  to  have  significantly  higher  resistivity.  In  Fig,  3c  we  show  the 
variation  of  the  maximum  TMR  with  %Co.  It  is  seen  that  450°K  is  the  optimum  substrate 
temperature  giving  the  largest  TMR  value  of  31%  at  RT.  The  TMR  of  the  optimum  37  at.%- 
450°K  film  at  77°K  was  65%  with  Ap  increasing  from  4.2  pQ-cm  to  6.6  pQ-cm  and  Pmin 
decreasing  from  13.6  pfl-cm  to  10,2  pft-cm. 

A  quantity  of  interest  for  device  development  is  the  full-width  at  half-maximum. 
FWHM,  of  the  MR  curves.  Us  value  is  -4000  Oe  for  the  optimum  films  .  This  large  value 
occurs  because  the  small  size  of  the  Co  globules  requires  a  rather  high  field  to  align  the  single 
particle  domains.  These  FWHM  values  would  decrease  if  the  superparamagnehc  Co  globules 
could  be  increased  in  size. 

Annealing  studies  were  made  for  the  optimum  film  of  37  at.%  Co  -450°K  and  two  of 
the  poorer  films,  32at.%  -SOO^K  and  41  at.%  -300°K.  They  were  annealed  for  30  min.  at 
300°C.  Upon  the  first  anneal  Apmax  decreased  for  all  three  samples.  For  the  optimum  films, 
pmin  decreases  in  the  same  ratio  leaving  the  TMR  unchanged.  However  for  the  poorer  films, 
annealing  increased  the  quality  of  the  films  as  evidenced  by  a  large  drop  in  pmin  ■  Apmax  also 
decreased  but  not  as  much  as  for  pmin  so  that  the  TMR  values  increased.  The  second  anneal 
however  had  the  net  effect  of  decreasing  the  TMR  of  the  32-300  film  from  26  to  21%  but 
leaving  the  41-300  film  the  same,  at  16%. 

It  has  long  been  observed  that  the  TMR  decreases  less  rapidly  than  the  magnetization 
approaches  saturation^.  We  find  that  for  these  films  the  variation  of  the  relative  TMR  with  the 
relative  magnetization  M/Ms  does  not  follow  the  functional  form  (I-IM/Msl)"  very  well. 
However,  if  forced  to  fit  this  functional  form  the  best  fits  were  with  n~I.4-1.6.  Since  M  is  a 
measure  of  the  net  projected  volume  of  domains  oriented  in  a  panicular  direction  and  the  TMR 
is  a  measure  of  the  scattering  from  magnetic  boundaries  and  depends  on  their  shape  it  is 
expected  that  the  two  quantities  can  have  quite  different  functional  forms  with  no  simple 
relation  between  them. 
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DISCUSSION  AND  CONCLUSIONS 


We  first  consider  the  behavior  of  room  temperature  pmin-  For  the  450°K  series  its 
value  is  -13  pO-cm  and  it  is  essentially  independent  of  Co  concentration.  There  are  three  main 
contributions  to  Pmin:  (0  One  is  due  mainly  to  phonons  and,  to  a  lesser  extent,  magnons,  pph. 
Assuming  that  the  decrease  in  pmin  in  going  to  LN  temperature  is  mainly  due  to  this  term  and 
that  it  varies  inversely  with  temperature  we  estimate  its  value  to  be  -4.6  pQ-cm.  This  is 
reasonable  value  since  the  RT  resistivities  of  the  pure  elements  are  S.8  and  1.6  pn-cm 
respectively  for  Co  and  Ag.  We  would  expect  that  the  value  of  this  term  would  increase 
slightly  with  increasing  %Co.  (2)  A  second  contribution  is  due  to  the  interfacial  scattering,  pjf, 
of  the  electrons  because  of  the  step  potential  seen  by  the  conduction  electrons  at  a  Ag/Co 
interface.  The  conduction  electrons  of  pure  Ag  have  about  77%  sp-like  and  23%  d-like 
character*  with  a  Fert^i  energy  of  Ep-6.0  eV  and  Fermi  wave-vector  of  kp  -1.2  A  '.  The 
Fermi  energy  of  the  m.  "ity  electrons  for  Co  is  -3-4  eV  so  the  step  potential  at  a  Co/Ag 
interface  can  be  estimate^,  ’ive  a  resistivity  comparable  to  that  of  pph.  As  seen  from  the 
variation  of  the  values  of  Tq  ai.d  the  number  of  globules/cm^,  Ng  in  Fig.  2  for  any  given  series 
the  interfacial  area  increases  with  %  Co.  Thus  we  expect  that  this  resistivity  should  also 
increase  with  %  Co.  (3)  The  third  contribution  to  the  resistivity.pvoid.  comes  from  the  large 
fraction  of  voids  in  the  films.  It  is  expected  that  the  fraction  of  voids  is  rather  constant  since 
the  pure  Co  films  have  about  the  same  fraction  as  the  granular  films  so  this  contribution  should 
be  independent  of  the  %  Co.  Thus  the  constancy  of  Pmin  with  %  Co  is  not  understood.  The 
magnitude  of  Pvoid  of  seen  to  be  about  the  same  as  pph  and  pif. 

The  magnetization  and  RBS  measurements  show  that  the  Co  and  Ag  atoms  in  the  films 
deposited  at  substrate  temperatures  >  400°K  are  essentially  completely  segregated.  Thus  any 
explanation  of  the  large  MR  effect  as  being  due  to  the  spin  dependent  scattering  from  Ag  solute 
atoms  in  Co  is  not  applicable  to  these  films.  We  suggest  that  the  MR  effect  in  these  granular 
films  is  due  to  the  same  scattering  mechanism  that  gives  rise  to  the  MR  effect  in  pure  3d 
ferromagnets.  Namely  the  scattering  of  the  highly  polarized  d  conduction  electrons  of  the  3d 
magnetic  material  at  magnetic  boundaries’.  It  was  shown  that  the  magnitude  of  Ap^ax  varies 
inversely  with  the  distance  between  magnetic  boundaries,  Apmax  ~1/D.  When  there  is  a  spatial 
gap  between  the  sequential  domains  each  of  the  other  scattering  mechanism  decreases  the 
number  of  electrons  that  retain  their  memory  of  the  magnetization  orientation  between  the 
domains.  Thus  the  optimum  geometry  for  a  large  Apmax  is  that  of  a  small  cell  size  with  the 
largest  globules  which  still  remain  isolated  from  adjacent  cells.  We  see  from  Figs.  2  and  4a 
that  indeed  the  largest  APmax  values  are  obtained  for  the  smallest  cell  size  having  the  largest 
non-touching  globules.  Once  they  touch,  as  indicated  by  the  appearance  of  a  hysteresis  loop  or 
coercive  field,  the  domain  size  increases  causing  Apmax  to  decrease  rapidly  as  seen  in  Fig.  4a. 
The  magnitude  of  Apmax  it  the  granular  films  agrees  well  with  that  obtained  from  the  derived 
expression  for  Apmax  in  pure  Fe  with  each  of  the  above  three  scattering  mechanism,  pph,  Pi( 
and  pvoid  attenuating  the  Apmax  of  pure  Fe  by  about  30%. 

We  wish  to  thank  C.H.  Lee  for  measuring  the  magnetization  curves  of  these  films. 

*  Presendy  at  Akashic  Memories  Corporation,  San  Jose  CA  95 1 34. 
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AB.STRACT 

Wc  report  the  observation  of  giant  magnciorcsistancc  in  granular  systems  prepared  by  cither 
mcli-spinning  or  sputtering.  For  mcti-spun  Co^Cui-x  alloys,  with  x  varying  between  5  and  lory, 
magneiorcsitanee  amplitudes  of  20%  in  50  kOe  at  5  K  were  obtained,  similar  to  those  reported  for  the 
same  alloys  prepared  by  sputtering.  For  sputtered  (NinnFeailxAgi  x  alloys,  three  different  coniribuiions 
to  the  nuignetoresistance  have  been  clearly  identified:  The  spin-valve  (or  giant)  niagnetorcsistancc. 
scattering  on  magnetic  fluctuations,  and  anisotropic  magnetoresisiancc.  These  three  contributions  have 
their  own  dc[icndcnccs  on  the  si/e  of  the  magnetic  particlc.s.  on  the  degree  of  intermixing  between  NiFe 
and  Ag,  and  on  the  temperature  In  the  third  series  of  samples,  sputtered  (CoroFejoIxAgi  x,  very  large 
magnetoresistance  amplitude  has  been  observed  (AR/R  as  high  as  20%  at  room  temperature  in  10  kOe  and 
m  at  10  Kl. 


INTRODUCTION 

Recently,  giant  magnetoresistance  (GMR)  ha.s  been  reported  in  heterogeneous 
alloys  (CoxCu|.xl’  ‘l  COxAgi.jl^l  NiFejAgi.xl^*!)  prepared  by  sputtering  and  also  by 
melt-spiniiingl^l.  These  alloys  comprise  two  immiscible  metallic  components,  one 
magnetic,  the  other  non  magnetic.  For  sputtered  .samples,  depending  on  the  substrate 
temperature  during  deposition,  the  samples  are  homogeneous  metastable  alloys  (if 
deposited  at  liquid  nitrogen  temperature)  or  granular  alloys  consisting  of  single  domain 
ferromagnetic  particles  embedded  in  a  metallic  matrix.  The  size  of  the  magnetic 
particles  can  be  increased  by  subsequent  annealings.  By  melt-spinning,  the  size  of  the 
particles  is  obviously  much  larger  than  in  sputtered  samples  (especially  for  samples 
prepared  at  LN^  'emperature).  However,  this  size  is  smaller  than  the  optimal  size  of 
grains  required  i.  r  largest  MR. 

The  physical  origin  of  GMR  in  granular  alloys  is  the  same  as  in  multilayers, 
namely  interplay  between  neighboring  magnetic  grains  of  spin  dependent  scattering  of 
conduction  electrons  occurring  at  interfaces  between  ferromagnetic  and  nonmagnetic 
regions  or  in  the  bulk  of  the  single  domain  magnetic  regions.  In  most  cases,  electrons 
having  spins  antiparallel  to  the  magnetization  of  the  ferromagnetic  regions  are  more 
strongly  scattered  than  those  having  spins  parallel  to  the  magnetization.  So,  at  low 
magnetic  fields,  since  the  ferromagnetic  regions  are  randomly  oriented  both  spin 
orientations  should  experience  strong  scattering.  However,  at  high  magnetic  fields,  the 
ferromagnetic  regions  are  aligned  piuallel  to  the  direction  of  the  applied  field.  Electrons 
with  spins  parallel  to  the  magnetization  do  not  experience  the  strong  scattering  at  the 
interfaces  or  in  the  bulk  of  the  ferromagnetic  regions  resulting  in  a  low  resistance  for 
this  spin  orientation.  Since  the  two  types  of  electrons  (spins  T  or  i)  carry  the  current  in 
parallel,  the  low  resistance  dominates  at  high  magnetic  fields,  leading  to  GMR  effect. 
For  each  couple  of  magnetic/non-magnetic  materials,  the  largest  possible  MR  is  not 
easily  predictable  since  a  large  number  of  parameters  such  as  grain  sizes,  shapes  and 
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distances  between  magnetic  grains  are  broadly  distributed  and  influence  its  amplitude. 
From  the  point  of  view  of  fundamental  physics  the  transport  properties  of  these  alloys 
are  much  more  complex  and  difficult  to  interpret  quantitatively  than  in  multilayers. 
However,  from  the  point  of  view  of  applied  physics,  these  alloys  are  quite  interesting 
since  their  magnetoresistance  amplitude  may  be  potentially  larger  than  in  multilayers  in 
the  usual  in-plane  currentl®!  (CIP)  geometry.  Moreover  they  are  easier  to  prepare  and 
have  good  thermal  stability  (anneal^  samples). 

In  this  paper,  we  give  an  overview  of  our  recent  results  on  giant 
magnetoresistance  in  as-quenched  and  annealed  heterogeneous  alloys  prepared  by 
sputtering  or  melt-spinning.  Three  series  of  alloys  have  been  investigated  :  melt-spun 
COjCu].^,  sputtered  NiFe,Ag|.j,  and  sputtered  (Co7oFe3o)xAgi.x  alloys  with  x 
varying  between  5  and  40%. 


MELT-SPUN  SAMPLES 

The  melt-spun  samples  are  prepared  in  an  argon  aimospherel^l.  They  consist  of 
granular  COjCuj.,  alloys  in  the  fomi  of  long  ribbons  .Smm  wide,  .SO  pm  thick,  lens  of 
meters  long.  In  the  as-quenched  ribbons.  X-ray  spectra  show  the  formation  of  ( 'o-rich 
precipitates  (containing  about  10%  of  Cu)  embedded  in  a  Cu-rich  matrix  The  w idth  of 
the  line  as.socialed  with  the  Co-rich  phase  corresponds  to  a  size  of  magnetic  particles  of 
about  120A.  After  10  minutes  annealing  at  950K.  this  size  has  increased  up  to  25()A. 
Fig.l  shows  the  magnetoresistance  of  a  melt-spun  ribbon  of  composition  Co()  2Cu()» 
at  4K  after  10  minutes  annealing  at  various  temperatures.  The  amplitude  of  the 
magnetoresistance  goes  through  a  maximum  for  the  samples  annealed  at  48()°C.  The 
saturation  field  decreases  with  increasing  annealing  temperature  which  is  consistent 
with  an  increase  of  the  size  of  the  magnetic  grains.  The  results  of  figure  1  can  be 
directly  compared  with  previously  published  results  on  sputtered  Coj)  sCuo  x 
alloysl  The  amplitude  of  the  GMR  is  as  large  (almost  20%  at  4K  in  .SOkOel  in  the 
present  melt-spun  ribbon  as  in  the  sputtered  samples.  This  method  of  preparation 
opens  the  prospect  of  new  applications  of  GMR  at  high  currents  in  electrical 
engineering  or  electrotechnique 
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SPUTTERED  SAMPLES 

The  sputtered  (Niq mFeo  |9)jAg|  ^  alloys  were  prepared  at  room  or  1,N2 
temperatures.  The  X-ray  analysis  shows  that  the  samples  consist  of  NiFe  rich  precipitates 
embedded  in  a  Ag  matrix.  Some  alloying  formation  between  the  NiFe  and  Ag  has  been 
observed  which  results  in  a  ramified  gradient  of  concentration  from  the  Ag  matrix  to  the 
inner  part  of  NiFe  grains.  So  NiFe  particles  consist  of  a  ferromagnetic  core  surrounded 
by  a  ramified  paramagnetic  envelope,  the  thickness  of  which  decreases  with  temperature 
(gradient  of  magnetic  ordering  temperature  associated  with  the  gradient  of  concentration). 
We  carried  out  a  detailed  study  of  structural,  transport  and  magnetic  properties  of  these 
alloysl®!.  Fig. 2a,  b,  c  show  the  observed  magnetoresistance  curves  of  three  as-deposited 
alloys  prepared  at  R.T.  with  NiFe  concentration  of  20,  .’'0  and  40%  respectively.  These 
curves  are  quite  different.  Their  analysis  point  out  the  existence  of  three  main  physical 
contributions  to  the  MR  in  these  systems  as  will  be  discussed  below. 

Fig. 2a  shows  the  MR  curves  in  the  low  NiFe  concentration  limit 
(NiFeq  2.sAg()  75).  The  grains  are  in  large  proportion  paramagnetic  down  to  I  IOKl*’l  A 
ferromagnetic  order  within  the  grains  appears  below  I  lOK.  The  magneioresistance  is 
consequently  dominated  by  tne  scattering  on  paramagnetic  fluctuations  above  I  lOK 
(round  shaped  MR(H)  curve)  as  in  bulk  ferromagnets  (De  Gennes-Friedel,19.S8)l^'. 
Below  1  lOK,  the  MR  curves  exhibit  a  singularity  around  zero  Held,  rellecting  the  change 
in  the  magnetic  behavior.  The  steep  decrease  of  the  MR  in  relatively  low  fields  is  due  to 
the  onset  of  spin-valve  MR  (rotation  of  the  magnetic  moments  of  individual  grains) 
resulting  from  the  decreasing  spin-flip  scattering  on  magnetic  fluctuations.  The  amplitude 
of  this  MR  contribution  increases  with  decreasing  temperature.  The  long  MR  tail  at  htgh 
fields  (the  amplitude  of  which  decreases  with  decreasing  temperature  in  contrast  to  the 
spin-valve  contribution)  is  still  associated  with  scattering  on  magnetic  flutuations. 


II  (kOe) 

Figure  2a  Magnetoresistivity  of  as-spultercd  NiFcp  25^80  75  various  temperatures. 


In  the  opposite  limit  of  high  concentration  (NiFep  apAgp  (,(),  Fig  2b).  two  points 
must  be  underlined.  Firstly,  the  MR  curve  also  exhibits  a  reversible  shape  characterized 
by  two  symetrical  maxima.  Secondly,  in  contrast  to  the  the  low  concentration  limit,  the 
MR  is  maximum  at  room  temperature  and  not  at  4K.  Since  we  are  here  at  40  at.%  of 
NiFe,  the  GMR  hardly  plays  any  role  at  this  concentration  because  of  strong 
ferromagnetic  coupling  between  magnetic  grains.  It  should  be  pointed  out  that  the  MR 
measurements  have  been  carried  out  with  current  parallel  to  the  applied  field.  In  this 
geometry,  as  the  field  is  increased  from  0  Oe,  the  anisotropic  MR  (AMR),  determined  by 
the  average  cosine  square  of  the  angle  between  the  magnetizations  of  the  NiFe  grains  and 
current,  leads  to  an  increase  in  resistivity.  In  contrast,  the  scattering  on  magnetic- 
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fluctuations  decreases  as  the  field  is  increased  resulting  in  a  negative  MR.  In  low  fields 
(between  0  and  about  3(X)  Oe)  the  AMR  dominates  the  decreasing  scattering  on  magnetic 
Hutuations  leading  to  a  positive  MR.  At  higher  fields,  the  magneiic  moments  of  the  grains 
do  not  rotate  any  more  (satuiation  of  the  ferromagnetic  pan  of  the  magnetization)  leading 
to  a  saturation  of  the  AMR.  As  a  result  only  the  scattering  on  magnetic  fluctuations  still 
contributes  to  the  MR.  The  MR  is  then  negative  as  observed  in  Fig. 2a.  Furthermore  the 
fact  that  the  amplitude  of  the  MR  decreases  as  the  temperature  is  decreased,  is  consistent 
with  a  reduction  of  the  magnetic  fluctuations  in  the  magnetic  grains  since  the  Curie 
temperature  of  the  magnetic  grains  in  this  alloy  is  above  room  temperaturel*’!. 


II  tkOrl 

Figure  2b  :  Magneiorcsistivity  nl  as-spuucn.'<l  NiFo((4()Ag(,yj,al  various  icinpcralurcs 


Fig.2c  corresponds  to  an  intermediate  NiFe  concentration  (.^09!).  Three 
successive  behaviors  are  observed  in  this  case  as  the  temperature  is  decreased.  Above 
2(K)K  the  envelope  of  the  NiFe  grains  is  paramagnetic.  The  MR  has  a  round  shape  as  in 
the  low  concentration  limit  (see  Fig  2a  above  1  lOK).  Below  20OK,  the  envelopes  of  the 
magnetic  grains  begin  to  order  ferromagnetically.  The  ani.sotropic  magnetoresistance 
(AMR)  is  still  small.  The  main  contributions  to  the  MR  are  still  scattering  on  magnetic 
fluctuations  and  rising  spin-valve  MR.  This  leads  to  an  angular  MR  shape  around  zero 
field  (as  in  Fig. 2a  below  I  lOK)  Below  I.SOK.  the  AMR  has  significantly  increased  so 
that  a  double  maximum  appears  as  in  the  previous  case. 


-•.4  4.2  9  S-I  »  4  0.6  e.R  ! 
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Figure  2c  :  Magnciorcsiscivicy  of  a5'5:pu{Ccrcd  NiFc()joAg()  70  ac  various  temperatures. 
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During  unneuling.  deinixing  between  NiFe  and  Ag  takes  place  as  observed 
by  X-ray  diffraction.  As  a  result,  the  relative  role  of  the  three  coniribulions  to  the  MR 
change  dramatically.  The  Curie  temperature  of  the  magnetic  grains  raises  much  above 
room  temperature  leading  to  a  decrease  of  the  role  of  scattering  on  magnetic  fluctuations. 
The  increase  in  the  size  of  magnetic  grains  and  the  improved  interfaces  sharpness  result  in 
a  large  enhancement  of  the  role  of  the  GMR  (up  to  an  optimal  grain  size  related  to  the 
mean  free  paths  in  the  magnetic  grains).  The  AMR  also  increases  with  grain  size.  Fig.3 
shows  a  comparison  of  magnetoreststance  in  an  as-sputtered  and  annealed  sample  of 
composition  NiFeo35Agog5.  The  shape  and  temperature  dependence  of  the  MR  before 
and  after  annealing  are  quite  different  as  a  result  of  the  increase  of  GMR  upon  annealing. 
In  this  series  of  NiFeAg  alloys,  we  have  obtained  MR  amplitudes  as  large  as  50%  at  5K 
in  5kOe  after  annealing  at  550°C  for  20  minutes  (maximum  for  NiFe  concentration  of 
25%)  which  is  comparable  to  the  results  of  ref  4. 


IllkOl  1 


Figure  .1  :  C'omparisiin  of  magnctorcsiKiancc  in  as-sputtcrcd  and  annealed  NiFcp  jsAgo  ps  alkns  at 
valious  temperatures  (annealed  at  SSifC  for  1(1  minutes). 

Ihe  third  series  of  granular  systems  investigated  was  sputtered 
(CO()  7(|rc()  3()),Ag|.,  alloys.  The  samples  were  prepared  at  room  or  l.Ns  temperatures 
with  composition  varying  between  20  and  47  at%  of  CoFe.  Fig. 4a  shows  the  measured 
GMR  at  room  temperature  as  a  function  of  CoFc  concentralion  in  the  as  deposited 
samples.  The  GMR  shows  a  maximum  for  .18  at.%  of  CoFe.  with  MR  amplitudes  of  1 5 
and  10  %  for  samples  prepared  at  room  and  LN2  temperatures  respectively.  This 
difference  of  MR  amplitudes  reOects  the  difference  in  the  nanostructure  of  the  samples 
due  to  different  substrate  temperature  during  growth.  It  is  interesting  to  note  that  the 
position  of  the  maximum  occurs  at  relatively  high  magnetic  concentration  (.18  at.'l  CoFe) 
in  comparison  to  other  granular  alloys  (closer  to  25%  in  NiFeAg.  CoCu  or  CoAg 
alloysD'''l).  The  decrease  of  MR  at  large  magnetic  concentralion  is  mainly  due  to  the 
increase  in  ferromagnetic  coupling  between  magnetic  grains  preventing  a  change  with 
applied  field  in  the  relative  orientation  of  the  magnetic  moments  of  neighfxiring  grains 
The  onset  of  ferromagnetic  coupling  only  at  18  al.%  of  magnetic  element  in 
(Co()  7()Fe()  30),  Ag|.,  suggests  that  the  grains  have  more  comptici  shapes  than  in  other 
alloys  I  ■  '*1  (may  be  due  to  a  difference  in  structure  between  the  bee  magnetic  grains  and 
the  fee  matrix)  or  that  aniiferromagnetic  couplings  between  magnetic  grains  through  Ag 
exist  in  these  alloys. 

Regarding  the  MR  amplitude  in  this  series,  we  observed  one  of  the  largest 
magnetoresistance  ever  reported  at  room  temperature  in  these  granular  materials  ( 1 8%  at 
room  temperature  in  10  kOe  after  annealing  at  6(X)K  for  10  mn.),  see  Fig.4b.  This  MR  is 
larger  than  in  Co,Ag|.,  at  room  lemperaturel’I.  It  is  interesting  to  note  that  in  Co/Ag 
multilayers,  in  CIP  geometry,  the  MR  does  not  exceed  .10%  at  low  temperalurel**! 
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compared  to  84%  in  CoAg  granular  alloysl^l.  The  larger  MR  observed  in  CoAg  alloys 
than  in  Co/Ag  multilayers  with  current  flowing  in  the  plane  of  the  layers  indicates  the 
potential  very  large  MR  amplitude  that  one  can  expect  from  granular  systems  (without 
considering  the  values  of  saturation  fields). 


,  deposited  at  77  K 


H  kOe 

•  deposited  R.T. 

'  deposited  at  77K 


•  as-depusitcd 


600  K.  10  min. 
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H  (kOei 


riguro  4:  a)  Kihmh  K'liijXTatiiro  maeiK'lorc^i'.laiKO  at  ol  Col-o.-Xu  versus  voutvnlr.iluru  rU  Citt  v. 

h)  Maguclorcsisiancc  ol  ('orqi  (xAgo  (,2  as-ik'posital  al  77K  aiul  allot  anuoaling  al  (>II0K  rtuiing  III 
minutes. 

To  our  point  of  view,  this  larger  MR  in  granular  systems  results  from  the  relalise 
geometry  of  the  current  lines  in  the  system  and  of  the  magnetic  inhomogeneities  (grains 
or  layers)  which  give  rise  to  the  GMR.  The  situation  of  granular  systems  is  in  fact 
intemiediate  between  the  situation  of  multilayers  with  current  flowing  in  the  plane  of  the 
layers  (layers  in  parallel)  and  multilayers  with  current  perpendicular  to  the  interfaces 
(layers  in  series)l^'l.  One  may  therefore  expect  magnetoresistance  timplitudes  in  granular 
alloys  intemiediate  between  the  magneioresisiaiice  of  multilayers  w  ith  current  flowing  in 
the  plane  or  perpendicular  to  the  layers. 
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ABSTRACT 

We  have  observed  giant  magnetoresistance  (GMR)  in  NigiFeia/Ag  granular  structures 
synthesized  by  the  annealing  of  artificial  multilayers  made  by  sputtering.  The  size  and 
morphology  of  the  magnetic  precipitates  can  be  controlled  by  adjusting  the  magnetic  layer 
thickness  in  the  initial  stage.  Magnetoresistance  as  large  as  30%  was  found  at  4.2  K  with 
a  rather  small  saturation  field.  Giant  magnetoresistance  in  this  alloy  system  essentially 
depends  on  the  magnetic  precipitate  size,  annealing  temperature  and  the  NigiFeu  concen¬ 
tration.  The  temperature  dependence  of  the  magnetoresistance  in  these  films  is  discussed. 

1.  INTRODUCTION 

The  recent  discovery  of  giant  magnetoresistance  (GMR)  for  ferromagnetic  granules  in 
a  non-magnetic  metal  matrix  [1,2]  adds  a  new  dimension  to  the  phenomenon  of  GMR  in 
magnetic  multilayer[3].  Substantial  MR  of  these  immiscible  granular  alloy  systems,  such 
as  Co-Cu[l,2],  and  Co-Ag[4),  have  increased  our  fundamental  understanding  of  GMR 
effects,  as  well  as  increased  their  potential  for  applications.  However,  to  be  useful  as  for 
magnetoresistive  sensor  devices,  thin  film  materials  require  much  lower  saturation  field 

then  have  hitherto  been  found. 

In  this  paper  we  report  the  synthesis  of  NieiFcia/Ag  granular  films  based  on  the  heat 
treatment  of  the  multilayered  samples  containing  ultrathin  NiFe  layers.  The  permal- 
loy/Ag  system  was  chosen  because  of  the  relative  insolubility  of  the  two  components  over 
a  wide  composition  range[5],  thus  guaranteeing  a  phase  separated  granular  alloy.  The  ex¬ 
traordinary  soft  magnetic  properties  of  Nisi  Fen  combined  with  the  large  electronic  mean 
free  path  in  Ag,  should  lead  to  small  saturation  fields  and  enhanced  MR.  Also,  the  mag¬ 
netic  concentration  and  particle  size  can  be  controlled  by  adjusting  the  permalloy  layer 
thickness  during  the  sputtering  process.  We  will  show  that  giant  magnetoresistances  are 
observed  in  these  alloy  films  with  significantly  lower  saturation  fields  than  in  other  similar 
systems,  leading  to  relatively  high  field  sensitivity. 

2.  EXPERIMENTAL 

The  NiaiFciv/Ag  multilayers  with  individual  NiFe  layers  ranging  from  4A  to  7A  and 
Ag  layers  of  20A  to  22A  were  prepared  by  dc  magnetron  sputtering  from  separate  targets 
of  NisiFeis  alloy  and  Ag  onto  glass  substrates  at  room  temperature.  The  background  pres¬ 
sure  was  <2x10"’  torr.  With  a  sputtering  pressure  of  7.5  mtorr  of  argon,  the  deposition 
rates  (determined  &om  the  measured  thicknesses  of  single  films  by  low-angle  x-ray  reflec¬ 
tivity  measurements)  were  1.4  A/s  for  NisiFei*  and  1.6  A/s  for  Ag.  The  individual  layer 
thicknesses  of  NisiFei*  and  Ag  were  adjusted  to  yield  films  of  composition  between  20 
and  45  at.%  NiFe.  Total  film  thicknesses  were  6OO-IOOOA.  All  the  samples  were  examined 
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both  before  and  after  heat  treatment  under  a  vacuum  of  <  2x10”*  Torr. 

The  structural  characterization  of  the  samples  was  performed  by  low  and  high  angle 
x-ray  diffraction  using  Cu-K„  radiation  (6)  and  transmission  electron  microscopy  (TEM). 
The  film  compositions,  as  determined  by  electron  microprobe  measurements,  were  found 
to  be  within  4%  of  the  nominal  values.  The  magnetoresistance  measurements  were  carried 
out  using  a  four- terminal  geometry  and  a  high-resolution  ac  bridge(7j.  The  current  was 
in  the  plane  of  the  film  with  the  magnetic  field  either  in  or  perpendicular  to  the  plane. 

3.  RESULTS  AND  DISCUSSION 

The  low-angle  x-ray  reflectivity  spectra  reveal  sharp  superlattice  peaks  for  all  the  as- 
deposited  samples  down  to  a  bilayer  thickness  of  A=26A  (with  a  4  A  layer  of  N'isiFeu), 
indicating  a  well-defined  composition  modulation  along  the  growth  direction.  The  corre¬ 
sponding  high-angle  x-ray  diffraction  and  electron  diffraction  for  these  samples  show  that 
the  multilayer  films  have  coherent  interfaces  and  a  highly  textured  structure  with  (111) 
orientations  normal  to  the  film  plane  (Fig.l(a)).  However,  after  annealing  the  samples 
at  450  "C  for  20  minutes,  both  low  and  high-angle  x-ray  results  show  that  the  superlat¬ 
tice  structures  were  washed  out,  indicating  significant  interdiffusion  during  the  annealing 
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Figure  1.  High-angle  x-ray  diffraction  measurements  for  the  as-deposited  multilayers 
(a)  and  annealed  (450  °C,  20  minutes)  NiFe/Ag  alloy  films  (b),  for  different  NiFe- 
corapositions.  The  vertical  lines  indicate  the  position  of  permalloy  (111)  peak. 
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stage.  Highly  (111)  textured  structures  can  still  be  seen  in  the  annealed  samples  as 
demonstrated  hy  the  two  peaks  in  fig.l  (b)  lot  the  annealed  samples,  which  ate  indexed 
as  Ag(lll)  and  NiFe(lll),  respectively.  It  is  to  be  noted  that  the  intensity  of  the  smaller 
peak  at  25=44.4*  in  Fig. 1(b)  increases  and  becomes  sharper  as  the  NiFe  concentration 
is  increased  from  20  at.%  to  37  at.%  NiFe,  confirming  the  assignment  of  the  (111)  peak 
to  NiFe.  The  NiFe  particle  sizes,  observed  from  TEM  images,  were  60  to  lOOA  at  this 
annealing  temperature  depending  on  the  original  thickness  of  the  NiFe  layers.  Fig. 2(a) 
shows  high-angle  x-ray  diffraction  scans  for  one  sample  at  different  annealing  tempera¬ 
tures  during  which  it  transforms  from  a  superlattice  structure  to  a  phase  separated  alloy. 
As  the  annealing  temperature  is  increased,  the  superlattice  coherence  is  lost  and  the  peak 
intensity  at  25=44.4*  increases  and  becomes  sharper  with  the  growth  of  NiFe  precipitates. 
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Figure  2.  (a)  High  angle  x-ray  scans  for  the  NiFe(4A)/Ag(20A)  alloy  as-deposited 
and  after  30  minute  annealings  at  300  *C,  400  *C,  450  *C  and  600  *C;  (b)  magne¬ 
toresistance  curves  measured  at  4.2  K  after  each  annealing  listed  in  (a). 
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Magnetoresistance  measurements  were  performed  between  4.3  and  300  K  in  magnetic 
fields  of  up  to  10  kOe.  Fig.2(b)  shows  the  MR  values  measured  at  4.2  K  for  the  24  at.% 
NiFe  sample  as-deposited  and  after  successive  annealings.  The  as-deposited  multilaj’er 
has  a  small  MR  values  of  less  than  10%  at  4.2  K  and  less  than  2%  at  300  K,  with  no 
evidence  of  antiparallel  spin  alignment  between  the  NiFe  layers  across  the  Ag  spacer.  Upon 
annealing  an  appreciable  increase  of  Ap(=  p(s=o)  —  P(H=h.))  up  to  85%  was  observed; 
the  resistivity  p,  however,  decreases  by  about  a  factor  of  1.25  to  4.6  Ohm-m  ,  giving  an 
even  large  enhancement  in  Ap/p  after  heat-treatment.  An  MR  value  as  large  as  30%  was 
found  for  the  sample  annealed  at  300  “’C.  It  is  also  noted  that  the  high  temperature  {> 
450  °C)  annealing  substantially  decreased  the  MR,  this  may  be  due  to  the  extreme  growth 
of  NiFe  grains  or  a  decrease  in  surface  to  volume  ratio.  However,  the  important  property 
of  our  alloy  films  is  the  small  saturation  fields,  as  shown  in  Fig.2(b).  A  saturation  field 
of  2-2.5  kOe  can  be  deduced  which  is  about  5-10  times  smaller  than  those  found  in  co- 
sputtcred  Co/Cu[l]  and  Co/Ag[4]  granular  alloy  systems.  The  small  Hs  in  this  system 
may  be  ascribed  to  the  shape  anisotropy  of  the  magnetic  particles.  The  MR  curves,  in 
fact,  are  broader  for  the  field  perpendicular  to  the  film  plane  and  narrower  for  the  field 
in  the  plane  of  the  film,  implying  the  existence  of  some  plate-like  particles. 

Selecting  and  controlling  the  structural  parameters  in  order  to  maximize  MR  and 
minimize  Hj  are  important  aspects  for  producing  granular  alloy  systems.  Fig. 3  shows 
the  composition  dependence  of  the  MR  and  the  saturation  field  Hs  for  several  annealed 
alloys  at  4.2  K.  Ap/p  increases  from  low  NiFe  concentration  to  such  a  maximum  at 
about  24  at.%  NiFe  and  then  gradually  decreases.  Hs  decreases  more  rapidly  with  NiFe 
concentration  before  reaching  a  constant  value  for  concentrations  above  33  at.%  NiFe. 
Ap  versus  composition  shows  a  similar  behavior,  a  maximum  found  at  24  at.%  NiFe. 
At  a  certain  annealing  temperature  below  450  "C,  low  magnetic  concentrations  imply 
small  particle  sizes  and  a  large  surface/volume  ratio.  It  has  been  suggested(8]  that  the 
spin  dependent  scattering  in  this  case  is  dominated  by  the  scattering  at  the  interface 
rather  than  bulk  and  that  this  is  the  reason  for  the  GMR.  As  particle  sizes  become 
comparable  with  the  mean  free  path,  the  effective  surface/volume  ratio  is  reduced  lowering 
the  contribution  of  the  spin  dependent  interfacial  scattering,  and  the  MR  is  reduced.  The 
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Figure  3.  Magnetoresistance  and  saturation  field,  measured  at  4.2  K,  as  a  function 
of  NiFe  concentration,  (NiFe)xAgi_x- 
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smaU  value  of  the  MR  at  NiFe  concentrations  below  20  at.%,  however,  may  simply  reflect 
the  diminished  level  of  magnetic  particles.  The  saturation  field  Hj,  as  shown 
is  also  related  to  the  concentration  of  the  magnetic  alloy.  Saturation  fields  less  than 
kOe  for  NiFe  concentrations  above  35  at.%  are  found.  The  temperature  dependences 
of  Ao/p,  Ap  and  p  for  aUoy  films  annealed  at  450  ‘C  for  30  minutes  are  presented  m 
Fig  4  For  samples  with  NiFe  concentrations  above  30  at.%,  A/)//)  decreases  linearly  wi 
temperature,  while  for  samples  with  NiFe  below  24  at.%  both  Ap/p  and  Ap  decrease 
more  rapidly  at  low  temperatures.  The  sheet  resistivities  p,  however,  show  a  nearly  linear 
decrease  with  the  temperature  for  all  the  samples  at  this  annealing  temperature  The  tact 
that  Ap  changes  by  a  factor  of  4.8  between  300  K  and  4.2  K,  for  the  sample  w.l^h  24  at.% 
NiFe,  compared  to  Ap  changes  of  2.5  times  for  NiFe  concentrations  above  30  at.%, 
that  the  contributions  to  GMR  for  the  first  sample  arises  mainly  from  the  increased  Ap 
at  low  temperature,  while  for  the  second  it  is  due  mainly  to  the  reduced  sheet  resistivity. 
As  the  temperature  increases,  inelastic  scattering  events  from  phonons  and  mapons  give 
riselsl  to  a  decrease  in  Ap  and  an  increase  in  p.  In  addition,  the  interface,  wWch  giv«  the 
most  important  contribution  to  the  MR,  may  have  a  considerably  lower  effective  Curie 
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4.  Figure  4,  Temperature  dependences  of  (a)  Ap/p,  (b)  Ap  and  (c)  p  for  three  NiFe 
concentrations. 
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temperature  due  to  the  so-called  softening  of  the  magnetization  at  the  interface[9]  The 
large  temperature  dependence  of  MR  at  low  magnetic  concentration  samples  may  also 
be  attributed  to  superparamagnetism.  As  the  magnetic  anisotropy  of  the  particles  is 
proportional  to  their  size,  thermal  activation  will  cause  a  spontaneous  rotation  of  the 
magnetic  moments  for  small  partictes[10].  The  rather  moderate  temperature  behavior 
of  high  magnetic  concentration  samples  has  been  shown  to  be  mote  magnetically  stable. 
However,  the  relatively  strong  temperature  dependence  of  MR  in  a  granular  alloy  system 
may  prevent  its  technological  application. 

4.  CONCLUSIONS 

We  have  synthesized  phase  separated  NisiFeit/Ag  alloy  films  by  annealing  of  the  mul¬ 
tilayered  structures  containing  ultrathin  NiFe  layers.  The  magnetic  concentration  and 
precipitate  size  can  be  controlled  by  adjusting  the  NiFe  layer  thickness  in  the  deposition 
stage  as  well  as  by  subsequent  heat-treatment.  The  alloy  films  display  giant  magnetore¬ 
sistance  with  a  maximum  value  of  30%  at  4.2  K  for  NiFe  concentration  near  24  at.%,  and 
a  relatively  small  saturation  field  of  2  kOe.  The  strong  temperature  dependence  of  MR 
is  shown  to  be  related  to  the  composition,  size  and  thermal  stability  of  the  magnetic  par¬ 
ticles.  Even  lower  saturation  fields  should  be  possible  by  varying  the  NiFe  concentration 
and  the  annealing  temperature. 
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ABSTRACT 

Giant  magnetoresistancc,  GMR,  in  thin  metal  films  elicits  attention  due  to 
its  technological  potential  as  well  as  its  relevance  to  theory  of  exchange  coupling. 
Epitaxial,  phase-segregated  ferromagnet/paramagnet  mixtures  have  been  grown  by 
UHV  evaporation.  Such  films  show  spontaneous  formation  of  ferromagnetic  clusters, 
leading  to  large  values  of  GMR  (40%  at  room  temperature)  as  grown.  The  growth 
of  Co-Cu,  Co-Ag,  Fe-Ag  and  Permalloy-Ag  films  are  described.  Structural  analysis 
by  grazing-incidence  small  angle  X-ray  scattering  (GISAXS)  provides  a  measure  of 
cluster  size  and  characteristic  spacing.  Effects  of  growth  temperature  and 
subsequent  annealing  on  GMR  and  film  structure  are  described.  Preliminary  results 
of  TEM  examination  of  (001)  Fe-Ag  and  Co-Ag  granular  films  are  presented  for  the 
first  time. 

1.  INTRODUCTION 

Following  active  research  in  GMR  of  multilayer  material  systems,  important 
GMR  effects  have  been  reported  for  phase-segregated  films  of  Co-Cu  [1,2]  and 
Co-Ag  [2]  prepared  by  magnetron  sputtering.  Because  of  mutual  immiscibility  of 
components,  Co-Cu,  Co-Ag,  Ni-Ag  and  Fe-Ag  alloy  films  are  presumed  to  contain 
small  magnetic  particles  embedded  in  a  nonmagnetic  host  matrix.  To  achieve  a  high 
magnetoresistance  (MR)  for  sputtered  alloy  films,  post-growth  annealing  was 
necessary  to  induce  this  phase  segregation.  In  contrast,  we  report  large  values  of 
magnetoresistance  for  as-deposited  films  of  (111)  and  predominantly  (001)  oriented 
Co-Cu  and  Co-Ag  grown  at  250  "C  as  well  as  for  Fe-Ag,  NiFe-Ag  and 
NiFeCo-Ag.  By  selecting  optimal  growth  temperature,  epitaxial  films  with 
considerably  larger  GMR  than  that  of  comparable  sputtered  films  can  be  realized, 
without  additional  annealing  steps[3]. 

Both  Co-Cu  and  Co-Ag  are  mutually  insoluble  (solubility  <0.01%)  with  even 
lower  solubility  for  Fe  and  Ni  in  Ag  at  temperatures  below  =r400°C.  Under  UHV 
conditions  there  should  be  ample  surface  diffusion  to  permit  phase  segregation 
during  epitaxy.  The  characteristic  size  and  separation  of  ferromagnetic  clusters  are 
controlling  parameters  in  the  GMR  of  phase-segregated  metals  [1,2,4,5]  and  a  better 
understanding  of  GMR  in  phase-segregated  materials  requires  analysis  of 
microstructure  in  these  systems.  Additionally,  one  needs  to  identify  underlying 
mechanisms  of  GMR,  including  the  relative  imptortance  of  interfacial  and  volume 
spin  dependent  electron  scattering  in  these  materials.  This  work  examines  the  effects 
of  alloy  composition,  post-growth  anneal  and  growth  temperature  on  GMR  and 
relates  these  to  structural  determination  by  TEM  and  GISAXS. 
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2.  EPITAXY  AND  CHARACTERIZATION 

The  crystalline  films  were  grown  in  a  VG80M  (V.G.  Semicon)  molecular 
beam  epitaxy  (MBE)  system  equipped  with  LEED  and  RHEED.  Electron-beam 
sources,  with  feedback  control  of  flux,  were  used  for  Co,  Fe  and  NiFe  (permalloy) 
and  temperature-stabilized  effusion  cells  were  used  for  Cu  and  Ag.  Typical  growth 
rates  were  ~  0.05  to  0.3  A/s. 

Films  with  (111)  orientation  and  uniform  composition  could  be  prepared  up 
to  seven  at  a  time  on  one  inch  diameter  sapphire  (0001)  disks.  Multiple  sample  runs 
of  this  type  provided  consistent  nucieation  and  growth  conditions  for  comparative 
studies  of  the  relationship  between  anneal  temperature,  ferromagnetic  cluster  size 
and  GMR.  For  surveys  of  the  effect  of  composition  on  GMR,  special,  50mm-long 
(0001)  sapphire  strips  were  employed.  By  growing  on  these  without  substrate 
rotation,  the  growth  geometry  resulted  in  a  nearly  linear  variation  in  compiosition 
along  the  strip.  After  growth  the  pre-scribed  strip  was  cleaved  into  samples  of 
appropriate  size  for  M  R  measurements. 

TFe  (111)  crystalline  orientation  was  nucleated  by  thin  Pt  seed  layers,  ~30A 
thick,  which  were  deposited  at  600“C.  The  Pt  seed  layer  grows_  epitaxially  on 
sapphire  with[6]  Pt(lU)  ||  AljOjfOOOl)  and  Pt(110)||  AljOj(lOlO).  Two  twin 
orientations  of  Pt,  differing  by  a  rotation  of  180°  about  the  [III]  axis,  were 
observed.  A  final  capping  film  of  30  A  Pt  was  deposited  on  most  samples.  Samples 
intended  primarily  for  X-ray  analysis  were  capped  by  20  A  of  Cu. 

Films  with  (100)  orientation  were  grown  directly  onto  air-cleaved  NaCl  wafers 
(12x12  mm  in  size),  which  were  cleaned  before  growth  by  heating  to  300°C  in  UHV. 
During  growth  the  temperature  was  held  at  250°C. 

GISAXS  involves  intensity  measurements  near  the  specularly  reflected  beam. 
The  use  of  this  technique  to  characterize  Co  cluster  size  in  a  Cu  matrix  is  described 
in  detail  in  reference  [4].  In  this  study,  five  films  (800A  of  Co ,jCu g^(l  1 1))  were 
grown  simultaneously  at  200°C.  After  growth,  one  sample  was  removed  from  the 
MBE  chamber  and  the  remaining  samples  were  annealed  in  ultra  high  vacuum  for 
10  minutes  at  maximum  temperatures  of  250°C.  The  removal/anneal  sequence  was 
repeated  at  successive  temperatures  of  350°C,  450°C,  and  550°C.  To  minimize 
oxidation,  the  samples  were  always  maintained  in  UHV  or  in  inert  gas  (except  during 
brief  transfers)  throughout  the  anneal  sequence  and  during  subsequent  GISAXS 
measurements. 

The  crystallographic  order  of  these  films  was  later  studied  by  X-ray 
diffraction  using  a  laboratory  X-ray  source.  This  confirmed  the  films  to  be  epitaxial 
with  ~0.5°  surface  normal  and  in-plane  mosaics.  There  was  little  effect  of  post 
growth  anneal  on  the  crystal  coherence  length.  The  inverse  half  width  at  half 
maximum  of  the  (1 1 1)  peaks  range  from  I50A  (550°C  film)  to  200A  (250°C  film). 

Reflection  high  energy  electron  diffraction  (RHEED)  showed,  for  Co-Ag 
films,  two  distinct  diffraction  patterns;  one  set  of  streaks  corresponding  to  the  Ag 
lattice  and  a  second  set  of  elongated  spots  to  a  lattice  constant  close  to,  but  ~  2% 
larger  than  that  of  bulk  fee  Co.  These  observations  are  consistent  with  spontaneous 
phase  separation  during  growth  and  suggest  that  the  Co  islands  are  strained. 

3.  EXPERIMENTAL  RESULTS 

The  dependence  of  saturation  magnetoresistance,  AR/R  as  a  function  of 
composition  for  Co-Cu  and  Co-Ag  films  has  been  reported  elsewhere[3]  To 
summarize,  for  films  grown  at  250°C,  the  GMR  shows  a  broad  peak  near  25%  Co 
for  Co-Cu  and  30%  Co  for  Co-Ag.  The  respective  peak  GMR  values  are  50% 
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Figure  1.  Anneal  temperature  dependence  of  the  GMR  for  a  set  of  Co  jjCu  gj  films 
grown  simultaneously  on  sapphire  at  SO'C. 
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Figure  2.  Field  dependence  of  saturation  magnetroresistance,  at  4.2K,  for  Fe-Ag 
films  (~29at%  Fe): 

(a)  (1 1 1)  film  grown  on  sapphire  (0001) 

(b)  (001)  film  grown  on  NaCl. 
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(4.2K),  21%(300K)  for  Co-Cu  and  71%  (4.2K),  38%  (300K)  for  Co-Ag.  On 
annealing  Co-Cu  films  sequentially  to  550°C,  the  GMR  decreased.  However,  for 
films  grown  at  SCC,  the  GMR  increased  with  sequential  annealing,  to  550°C,  as 
shown  in  Figure  1.  It  is  interesting  to  note  that  this  property  of  the  Co-Cu  films 
grown  at  lower  temperature  is  similar  to  the  effect  of  post-growth  annealing  on 
sputter-deposited  films.  Co-Cu  films  grown  at  is;80  °C  showed  almost  no  magnetic 
anisotropy  either  before  or  after  annealing.  Co-Ag  films  grown  at  250°C  exhibited 
significant  anisotropy  as  we  have  described  earlier[3].  When  measured  at  4.2K  these 
films  exhibited  perpendicular  anisotropy  with  perpendicular  remanence. 

The  size  of  Co  clusters  and  their  distribution  were  investigated  using  GISAXS 
on  Co-Cu  films  grown  on  sapphire  (0001)  at  200°C.  From  a  fit  of  the  GISAXS  data 
one  can  extract  an  accurate  measure  of  both  the  characteristic  Co  cluster  size  and  the 
Co-Co  cluster  nearest  neighbor  separation.  The  data  are  presented  elsewhere[3,4]; 
here  we  simply  note  that  a  theory  relating  characteristic  cluster  size  and  separation 
with  GMR  has  been  proposed  by  Zhang  et  al[5].  We  find[4]  that  our  data  are  in 
reasonable  agreement  with  the  theory  when  it  is  assumed  that  interfacial, 
spin-dependent  electron  scattering  is  the  predominant  scattering  mechanism 
responsible  for  GMR. 

Epitaxial  Co-Cu,  Co-Ag  and  Fe-Ag  films  were  grown  on  (001)  NaCl  for  both 
GMR  and  TEM  studies.  A  motivation  for  this  was  that  (unlike  the  films  on 
sapphire)  films  grown  on  NaCl  were  rather  easily  removed  for  TEM  studies. 
500A-thick  films  of  composition  CoQjjCUogj  and  CO()2iAg(,7,  displayed  room 
temperature  saturation  magnetoresistance  values  of  %  and  =;  21  %,  respectively. 
Figures  2(a)  and  (b)  show  the  4.2K  GMR  of  epitaxial  Fe-Ag  films  (~29  atomic  % 
Fe)  nucleated  on  sapphire  and  on  NaCl.  Two  striking  results  are  evident  for  this 
system.  The  magnitude  of  the  GMR  is  equivalent  for  the  two  growth  orientations. 
Also  this  system  shows  substantial  anisotropy,  the  largest  we  have  observed  for  any 
phase-segregated  system  grown  by  LIHV  co-evaporation. 

We  have  also  examined  films  of  NigyFejj  particles  in  Ag  grown  in  a  (111) 
orientation.  Room-  and  helium  temperature  measurements  of  GMR  show  14%  and 
35%  respectively.  The  addition  of  .510%  cobalt  to  the  ferromagnet  regions  results  in 
some  reduction  of  the  saturation  field  (to  about  15  kOe)  but  has  little  effect  on 
GMR. 

Transmission  electron  microscopy  studies  have  been  carried  out  on  the  Fe-Ag 
and  Co-Ag  films  grown  onto  NaCl  substrates.  Here  we  report  preliminary  results 
and  a  full  analysis  will  be  reported  elsewhere.  Figure  3(a)  shows  a  bright-field  image 
from  the  Fe-Ag  film.  The  mesostructure  shows  two  regions,  light  and  dark  grey  with 
some  internal  structure.  The  light  regions  are  Fe-rich  with  about  10  at%  Ag  and  are 
preferentially  thinned  during  TEM  sample  preparation.  The  grey  region  is  Ag-rich 
and  contains  about  25%  Fe.  In  some  regions  there  are  pure  Ag  particles.  The 
internal  structure  seen  in  the  grey  region  (Figure  3(a))  actually  arises  from  Ag  twins 
formed  during  the  growth  of  the  film.  The  electron  diffraction  pattern  from  the  light 
regions  do  not  show  any  additional  reflections.  This  indicates  that  bcc  Fe  is  formed 
with  (001)  parallel  to  Ag(OOl).  In  this  setting,  the  bcc  spots  replicate  the  Ag(OOl) 
spots.  This  assertion  is  under  further  investigation  to  examine  the  nature  of  the 
microstructure  from  the  Fe-rich  region. 

Figures  3  (b)  and  (c)  show  selected-area  diffraction  patterns  from  the  grey 
region  of  the  mesostructure.  In  (b)  the  electron  beam  is  along  the  film  normal  i.e. 
Ag[001].  In  (c)  the  beam  is  close  to  the  [112]  direction  of  the  Ag-rich  grey  region. 
One  can  see  extra  spots  (indicated)  due  to  Ag  twins.  There  are  4  variants  of  the  (1 1 1) 
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Figure  .Hii).  I 

brighl-fielil  image  uf  an 
500A-  I  hick  nim  oC  (0()l) 
Fe^jqAg,,,,  after  remocal 
from  the  NaCI  tuh'-irale 
and  rcminal  of  the  PI 
ovcilaycr  by  inn  milling. 


Figure  3(b).  Transmission  electron 
diffraction  pattern  from  the  film  with  the 
beam  along  the  film  normal  ie.  along 
Ag[001].  Ag(200)  indicated. 


B  Figure  3(c).  Transmission  electron 

diffraction  pattern  with  the  beam  tilted 
about  8'  away  from  the  normal.  [110]  tilt 
axis.  Additional  features  (indicated)  arc 
seen  near  the  Ag(200)  spot. 


Figure  3(d).  Dark-field  image  formed  using 
the  two  additional  .spots  near  Ag(200). 
Here,  the  image  reveals  precipitates  with 
their  boundaries  close  to  Ag(l  10)  or  (MO) 
planes. 
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Figure  4(a).  Bright-field  image  of  an  =;  500A-thick  film  of  (001)  CoQ  ^jAgg  ,,  after 
removal  from  tlie  NaCl  substrate  and  removal  of  the  Pt  overlayer  by  ion  milling. 


Figure  4(b)  shows  the  corresponding  transmission  electron  diffraction  pattern.  The 
pattern  is  a  superposition  of  patterns  from  fee  Co(OOl)  and  fee  Ag(OOl),  with  Co 
000)  parallel  to  Ag  (100)  i.e.  no  relative  rotation  of  the  two  unit  cells.  The  splitting 
of  the  (220)-type  spots  is  clearly  seen,  confirming  phase  separation. 


417 


twins  of  Ag  present  in  the  film,  which  is  typical  of  fee  metal  films  grown  on  rocksalt. 
The  dark-field  image  shown  in  Figure  3(d)  is  formed  using  these  spots  and 
orthogonal  orientations  of  twins,  each  consisting  of  two  variants,  are  present. 

Figure  4(a)  shows  a  bright-field  image  of  a  =  500  A-  thick  film  of  (001) 
COp  2iAgo  79  after  removal  from  the  NaCl  substrate  and  removal  of  the  Pt  overlayer 
by  ion  milling.  The  mesostructure  is  quite  similar  to  the  Fe-Ag  film.  The  light 
regions  are  Co-rich  and  the  grey  regions  are  Ag-rich  with  10-15  at%  Co.  The 
structure  in  the  grey  region  also  shows  the  growth  twins  observed  for  the  Fe-Ag  film. 
The  electron  diffraction  pattern  from  the  film  (Figure  4(b)  shows  that  the  Co  is 
stabilized  in  the  fee  form.  The  pattern  is  a  superposition  of  patterns  from  fee  Co 
(001)  and  fee  Ag(OOl),  with  Co(lOO)  parallel  to  Ag(lOO).  Splitting  of  the  (220)-type 
reflections  confirms  phase  separation. 

4.  CONCLUSIONS 

GMR,  as  a  function  of  Co  concentration  has  been  studied  in  a  series  of 
crystalline  epitaxial  structures.  Large  values  of  GMR  are  reported  for  the  as-grown 
films.  For  Co-Cu  films  deposited  at  SO'C,  the  GMR  increased  with  subsequent 
annealing,  as  for  sputtered  films. 

GISAXS  studies  of  Co-Cu  films  have  given  a  characteristic  size  and  separation  of 
Co  clusters.  A  relationship  between  cluster  size  and  GMR  has  been  observed.  For 
example,  with  progressive  annealing,  the  Co  cluster  diameter  increased  from  ~20A 
to  ~250A  with  a  concomitant  drop  in  the  4.2K  GMR  from  ~35%  to  1%. 

The  best  fit  of  these  data  to  phenomenological  theory  indicates  that  interfacial  spin 
dependent  electron  scattering  is  the  predominant  scattering  mechanism  affecting  the 
GMR  for  cluster  diameters  up  to  ~250A. 

Magnetic  anisotropy  in  Co-Cu,  Co-Ag  and  Fe-Ag  alloys  is  discussed  and 
preliminary  TEM  studies  of  the  Fe-Ag  and  Co-Ag  films  are  described. 
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ABSTRACT 

The  phenomenon  of  giant  magnetoresistance  (GMR),  previously  measured  only 
in  multilayer  films  comprising  ferromagnetic  layers  separated  by  nonmagnetic  spacers, 
has  recently  been  observed  in  single  layer  'granular'  alloy  thin  films  prepared  by  co¬ 
sputtering  a  ferromagnet  and  a  nonmagnet  which  tend  to  phase  separate  (cluster) 
under  equilibrium  conditions.  We  have  systematically  studied  the  magnetoresistance 
of  two  new  phase  separating  GMR  systems  (NieeFeieCois-Ag  and  CogoFeio-Ag)  both 
of  which  exhibit  large  room  temperature  GMR  (>11%  and  >14%,  respectively).  We 
have  also  attempted  to  influence  fhe  details  of  the  field  dependence  of  the 
magnetoresistance  in  the  previously  studied  Co-Ag  system  by  employing  novel 
processing  methods  including  interrupted  sputtering  and  layering  of  the  Co-Ag  alloy 
with  Cu  spacers. 

1.  INTRODUCTION 

In  the  last  year,  remarkably  large  GMR  ratios  have  been  unexpectedly  observed 
(both  in  our  lab  [1-3]  and  elsewhere  [e.g.,  4-6))  in  sing/e  layer  films  variously  described 
as  granular’,  'metastable  alloys',  and  'heterogeneous',  but  which  are,  in  every  case  so 
far  reported,  prepared  by  co-sputtering  a  ferromagnet  and  a  nonmagnet  which  phase 
separate  (cluster)  under  equilibrium  conditions  (e.g.,  Co-Cu,  Co-Ag).  Single  layer 
GMR  is  apparently  restricted  to  those  alloy  systems  which  exhibit  extremely  small 
mutual  solid  solubilities  at  equilibrium.  The  occurrence  of  GMR  is  associated  with  a 
microstructure  which  can  be  crudely  described  as  consisting  of  very  small 
ferromagnetic  clusters  in  a  'nonmagnetic'  matrix.  There  is  evidence[1 ,2],  however,  that 
a  rapid  quench  process  such  as  sputtering  can  suppress  complete  phase  separation 
leaving  the  matrix  in  a  supersaturated  metastable  solid  solution  alloy  state.  Based  on 
the  condition  that  only  strongly  phase  separating  metal-metal  systems  containing  a 
ferromagnet  will  exhibit  GMR,  a  very  limited  number  of  binary  systems  are  available  for 
study.  We  have  reviewed  the  equilibrium  binary  temperature  -  composition  phase 
diagrams  containing  Co,  Fe,  and  Ni  and  have  found  that  Ag,  Au,  and  Cu  are  fhe  only 
elements  yielding  immiscible  binary  phase  diagrams  (Cu-Ni  Is  an  exception).  It  is  also 
interesting  to  examine  fhe  possibility  of  alloying  fhe  magnetic  components,  i.e.,  Co-Fe, 
Co-Ni,  and  Fe-Ni.  Co-Fe  and  Co-Ni  are  both  miscible  systems  while  Fe  and  Ni  are 
completely  miscible  at  high  temperature  but  exhibit  compound  formation  (FeNia)  at 
lower  temperatures.  In  Fig.  1  the  characteristics  of  the  binary  phase  diagrams  of 
interest  in  single  layer  GMR  are  summarized. 

Both  the  magnitude  of  the  magnetoresistance  ratio  and  the  details  of  the 
magnetic  field  dependence  of  the  resistivity  in  single  layer  GMR  materials  are 
extremely  sensitive  to  'metallurgical'  factors  (composition,  annealing  treatments, 
growth  parameters,  microstructural  features,  texture,  etc  ).  These  factors  influence  the 
size  distribution,  shape,  number  density,  and  relative  orientation  of  the  ferromagnetic 
clusters,  the  composition  of  the  matrix,  as  well  as  fhe  nature  of  the  interface  between 
the  clusters  and  the  matrix.  Here  we  survey  our  recent  experimental  results  on  GMR  in 
new  materials  systems  and  report  on  the  effects  of  novel  processing  of  granular'  GMR 
alloy  systems. 
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Figure  1 .  Characteristics  of  the  temperature-composition  binary  phase  diagrams 
of  interest  in  single  layer  GMR. 


2.  EXPERIMENTAL  METHODS  AND  MATERIALS 

All  of  the  films  discussed  below  were  grown  on  Corning  7059  glass  or  thermally 
oxidized  Si  wafers  at  ambient  temperature  by  dc  magnetron  sputtering  (Vac-Tec  Model 
250  Sputtering  System).  Magnetic  properties  were  measured  with  a  Digital 
Measurement  Systems  VSM  Model  880.  Composition  was  determined  with  a  JEOL 
8600  Electron  Probe  Microanalyser.  X-ray  diffraction  (XRD)  was  performed  on  a 
Rigaku  D/Max-2BX  XRD  System.  MR  measurements  were  made  by  4-point  probe  with 
both  current  and  field  in  the  film  plane  but  perpendicular  to  each  Oiher.  All 
measurements  were  made  at  room  temperature.  To  obtain  a  broad  range  of 
compositions  under  identical  conditions  a  split  target  assembly  described  in  detail 
elsewhere!  1]  was  used  in  making  all  of  the  alloy  systems  discussed. 


3.  EXPERIMENTAL  RESULTS 

3.1.  New  materials  systems:  NiggPej^Coia-Aq  and  CoonFe^fi-Ag 

The  soft  magnetic  alloy  permalloy-Co  has  recently  yielded  promising  GMR 
properties  in  the  multilayer  geometry[7].  It  thus  seemed  sensible  to  explore  the  use  of 
this  alloy  in  a  granular  format.  NiseFeieCois-Ag  alloy  films  were  prepared  over  a 
broad  range  of  Ag  compositions  (the  Ni/Fe/Co  ratio  is  fixed)  and  sputtering  conditions. 
This  system  yields  comparatively  large  room  temperature  MR  ratios  which  are  sensitive 
to  annealing  at  modest  temperatures.  In  Fig.  2  the  MR  ratio  versus  magnetic  field  lor 
as-deposited  and  annealed  films  with  Ag  content  of  64  a/o  is  plotted.  The  increase  in 
the  magnitude  of  the  MR  ratio  with  post-deposition  annealing  may  be  the  result  of  both 
Co  clusters  approaching  an  optimal  size  and  an  overall  decrease  in  film  resistivity 
presumably  due  to  elimination  of  defects  and  diffusion  of  Co  remaining  in  the 
essentially  Ag  matrix  to  the  Co  clusters.  The  sharpening  of  the  field  dependence  of  the 
MR  ratio  is  most  logically  related  to  larger,  more  easily  saturated  Co  clusters  which 
have  grown  on  annealing.  Note  that  the  films  are  far  from  saturation  in  the 
modest  fields  available  in  our  lab.  The  difficulty  in  saturating  granular  GMR  films 
is  a  generic  but  not  well  understood  feature  of  these  materials.  In  an  extreme 
case  20T  was  found  insufficient  in  the  Co-Au  system[8].  In  the  insert  of  Fig.  2  the 
compositional  dependence  of  the  MR  ratio  in  this  system  is  plotted.  Again,  the  films 
are  not  fully  saturated.  The  peak  in  the  MR  ratio  near  65  a/o  non-magnetic  matrix 
element  has  also  been  observed  in  as-deposited  Co-Ag[1]  and  may  be  most 
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Figure  2.  Magnetoresistance  in  granular  NieeFeieCois-Ag  films. 
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Figure  3.  Magnetoresistance  in  granular  CogoFeio-Ag  films. 


logically  related  to  a  type  of  percolation  limit.  CogoFeio  has  also  received  recent 
attention  in  the  multilayer  format[9].  CogoFeio-Ag  alloy  films  were  prepared,  once 
again,  over  a  broad  range  of  Ag  compositions  and  sputtering  conditions.  Very  large 
room  temperature  ratios  were  found  in  this  system.  Representative  MR  loops  as  a 
function  of  composition  are  plotted  in  Fig.  3  for  as  deposited  samples. 
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Figure  4.  Magnetoresistance  of  'layered'  Co-Ag  granular  films 
prepared  by  interrupted  sputtering  (see  text) 


As  the  proportion  of  the  ferromagnetic  component  increases  so  should  the 
average  cluster  diameter  (for  similar  growth  conditions).  This  is  reflected  In  the  shape 
of  the  MR  loops.  Small  clusters  at  relatively  low  number  densities  yield  a  broad,  difficult 
to  saturate  MR  plot.  As  the  proportion  of  ferromagnet  increases  an  optimum  cluster  size 
and  spacing  is  reached  which  gives  a  maximum  MR  ratio.  At  even  higher 
concentrations  the  magnitude  of  the  MR  ratio  is  reduced  although  the  peak  is 
comparatively  sharp  due  to  the  presence  of  more  easily  saturated  larger  clusters.  The 
precise  position  of  the  maximum  in  the  MR  ratio  as  a  function  of  composition  is  likely  to 
depend  somewhat  on  the  maximum  field  at  which  the  measurements  were  made  The 
general  trend,  however,  should  remain.  The  structural  features  of  both  of  the  new 
systems  are  similar  to  those  found  previously  for  Co-Ag|1,2].  These  films  are 
nanocrystalline  and  exhibit  strong  (111)  crystallographic  growth  texture  A  systematic 
change  in  the  lattice  parameter  is  observed  which  is  consistent  with  melastable  solid 
solution  behavior. 


3.2.  The  Effect  of  'Layering'  on  Co-Ao  Granular  Films 

The  largest  MR  ratios  found  in  granular  films  have  been  in  the  Co-Ag  system 
('28%  at  room  temperature  for  Co38Ag62[2]).  In  order  to  try  to  reduce  the  field  required 
to  saturate  the  samples  (i.e.,  to  increase  the  MR  sensitivity)  by  influencing  the  cluster 
shape  a  growth  method  involving  pseudo-layering  by  systematically  interrupted 
sputtering  has  been  undertaken  in  this  alloy  system.  Six  samples  were  grown  with  a 
total  thickness  of  ~1200A.  Each  sample,  however,  was  'layered'  by  pausing  the 
sputtering  periodically  for  ~5  seconds.  In  this  way  samples  with  N  =  1 , 2,  3,  5.  10,  and 
20  'layers'  were  prepared.  The  thickness  of  each  'layer'  is  given  by  1200A/N.  All  other 
conditions  are  identical  (e.g.,  sputtering  parameters,  composition).  A  remarkable  effect 
on  the  MR  loops  has  been  observed  and  plotted  in  Fig.  4  for  a  representative 
composition  of  ~  30  a/o  Co.  Quite  clearly  GMR  is  systematically  enhanced  by  this 
specialized  growth  method,  i.e.,  the  MR  ratio  increases  with  the  number  of  'layers' 
(which  is,  of  course,  inversely  related  to  'layer'  thickness).  However,  the  MR  sensitivity 
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declines  with  increasing  N.  The  thinner  layers  also  exhibit  a  low  field  structure  in  their 
MR  loops  which  may  be  related  to  the  presence  of  perpendicular  anisotropy.  There  is 
no  evidence  of  anisotropic  magneioresistance.  Pausing  the  sputtering  may  allow  time 
for  surface  rearrangements  to  occur  by  surface  diffusion  while  also  lowering  the 
average  substrate  temperature  in  comparison  with  continuous  growth.  Although  no 
direct  evidence  for  contamination  during  the  pause  has  been  found,  it  cannot  be  ruled 
out.  The  details  of  the  structure  and  growth  mode  of  these  films  are  under 
investigation.  Preliminary  studies  show  no  substantial  difference  in  XRD  patterns  with 
increasing  layer  number. 


3.3  Co-Ag  Granular  Films  Layered  with  Cu 

In  order  to  more  directly  influence  the  Co  cluster  shape  and  to  explore  very  thin 
granular  layers,  a  set  of  periodic  multilayer  films  of  the  form  (20A  Co-Ag  granular 
alloy/1  tA  Cu)xio  were  grown  with  variable  Co-Ag  composition  Representative  MR 
loops  from  this  experiment  (as-deposited  films)  are  plotted  in  Fig.  5.  Unlike  single  layer 
Co-Ag  films[2]  which  exhibit  an  onset  of  coercivity  for  films  with  >  ~30  a/o  Co.  these  MR 
loops  indicate  no  appreciable  coercivity  in  the  composition  range  studied  (~30-55  a/o 
Co  in  the  Co-Ag  alloy  layers)  even  for  the  most  Co-rich  sample  (the  uppermost  curve) 
A  gradual  increase  in  both  the  magnitude  of  the  MR  ratio  and  the  sharpness  of  the  field 
response  (as  measured  by  the  change  in  MR  %  per  1000  Oe  in  the  linear  portion  of  the 
curve  which  increases  from  0.21  to  3.20)  is  noted.  The  low  field  MR  sensitivity  of  the 
most  Co-rich  sample  is  better  than  that  previously  reported  in  as-deposited  single  layer 
Co-Ag  filmsfl).  It  should  be  pointed  out  that  part  of  the  MR  effect  is  lost  in  this  system 
because  of  the  shunting  of  current  through  the  Cu  spacer.  However,  this  effect  may  be 
reduced  by  using  a  Cu  spacer  of  optimum  thickness  or  by  choosing  a  better  spacer 
material.  Although  this  granular  alloy  has  been  placed  in  a  layered'  geometry,  there  is 
no  evidence  that  conventional  multilayer  GMR  is  contributing  to  the  observed  behavior 
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Figure  5.  Magnetoresistance  in  Co-Ag/Cu  multilayers 
(20A  Co-granular  alloy/17A  Cu)xio 
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4.  CONCLUSIONS 

GMR  in  single  layers  appears  to  be  restricted  to  those  aiioy  systems  which  exhibit 
extremely  small  mutual  solid  solubilities.  We  have  identified  and  reported  on  two  new 
granular  GMR  systems,  NigeFeieCOie-Ag  and  COgoFe-io-Ag  whose  ferromagnetic 
components  are  immiscible  in  Ag  at  equilibrium.  New  growth  methods  including 
pseudo-layering  of  Co-Ag  alloy  by  interrupted  sputtering  and  growth  of  Co-Ag/Cu 
muitiiayers  have  been  studied.  Pseudo-layering  of  Co-Ag  dramatically  increases  the 
magnitude  of  the  MR  but  does  not  improve  field  sensitivity.  Co-Ag/Cu  multilayers  do 
exhibit  increased  MR  sensitivity  in  the  low  field  regime  (<1000  Oe)  when  compared 
with  single  layer  Co-Ag[1].  Clearly,  novel  processing  which  influences  the 
ferromagnetic  cluster  size,  shape,  and  distribution  in  granular  materials  can 
dramatically  affect  the  field  dependence  of  the  magnetoresistance. 
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A  Microstructural  Study  of  Iron  Carbides  Formed  by  Plasma-Enhanced 
Chemical  Vapor  Deposition  (50-800  nm  thick) 

H.  Siriwardane,”  W.J  James,’  O.A.  Pringle*  and  J.W.  Newkirk* 

Depanments  of  'Physics,  'Chemistry,  and  *Metallurgical  Engineering  and  the  'Graduate 
Center  for  Materials  Research,  University  of  Missouri-Rolla,  Rolla,  MO  65401  (U.S.A.) 

Thin  mirror-like  iron  carbide  films  were  prepared  by  introducing  iron  pentacarbonyl 
[FefCOJs]  and  hydrogen  [H;]  into  a  glow  discharge.  The  deposition  temperatures  were  varied 
from  200-500X.  The  iron  to  carbon  ratios  of  the  resulting  films  were  controlled  by  adjusting 
the  gas  flow  ratios.  The  microstructure  and  phase  transformations  occurring  in  these  films 
were  studied  before  and  after  annealing  at  400°C  for  four  hrs.  Characterization  techniques 
used  included  x-ray  diffraction,  electron  diffraction.  Auger  spectroscopy  and  atomic  force 
microscopy. 

X-ray  diffraction  data  of  plasma-deposited  films  on  glass  substrates  maintained  at  400“C 
showed  the  presence  of  only  Fe3C.  However,  the  x-ray  diffraction  data  of  films  on  carbon 
coated  glass,  and  transmission  electron  microscopy  selected  area  diffraction  patterns  of  films 
on  carbon  coated  copper  grids  indicated  the  presence  of  a  second  phase,  the  closely  related 
metastable  FciCb,  as  well  as  small  amounts  of  Fe,©,.  Atomic  force  microscopy  of  crystallites 
on  the  surface  of  films  deposited  at  400°C  and  annealed  at  400“C  for  four  hours  revealed  a 
periodic  structure  of  oblate  spheroids.  The  measured  spacings  and  angle,  when  compared  to 
projected  models  of  high  reticular  density  planes,  suggested  the  surface  to  have  a  structure 
corresponding  to  that  of  bulk  FejC  or  FcrCj.  However  the  data  were  not  of  sufficient  quality 
to  unambiguously  determine  such. 


1.  INTRODUCTION 

Thin  iron-carbide  films  of  FevCj  and  Fe3C  are  readily  deposited  in  a  cold  plasma  by 
introducing  the  vapor  of  iron  pentacarbonyl  and  H,  into  a  glow  discharge.'-^  Possible 
applications  of  these  films  are  in  wear  and  corrosion  resistant  coatings,  and  magnetic 
storage.’  The  conventional  bulk  forms  of  these  phases  are  produced  at  pressures  of  thousands 
of  atmospheres  and  temperatures  of  thousands  of  degrees  centigrade.*  On  the  other  hand,  the 
plasma-formed  analogues  are  produced  at  low  temperatures  and  low  pressures,  typically  200°- 
400°C  and  50-100  milliTorr.  To  exploit  the  potential  uses  of  plasma  deposited  films,  it  is 
necessary  to  understand  how  the  film  microstruclure,  atomic  structure,  and  magnetic  structure 
relate  to  its  properties.  The  aim  of  the  present  study  is  to  understand  the  microstructure  of 
these  Plasma  Enhanced  Chemical  Vapor  Deposited  (PECVD)  films. 


2.  EXPERIMENTAL 

The  Fe7Cj  and  FesC  films  were  prepared  by  introducing  iron  pentacarbonyl  [FefCOJs],  and 
H2  vapor  into  an  inductively  coupled  glow  discharge  tubular  reactor.  The  reactor  system  was 
the  same  as  that  used  by  Lin  et  al.’  The  starting  materials  were,  iron  pentacarbonyl  from  the 
Alpha  division  of  Morton  Thiokol  Inc.,  and  Hj  from  the  Matheson  Gas  Group  Inc..  Iron 
pentacarbonyl  was  degassed  prior  to  use.  Films  discussed  in  this  paper  were  grown  on 
microscope  glass  slides,  carbon  coated  glass,  and  carbon  coated  copper  grids,  at  elevated 
temperatures  (200-500°C).  Substrates  were  put  on  a  heater  plate  which  was  located  in  the 
reactor  with  its  leading  edge  2  cm  from  the  vapor  inlet.  The  distance  from  the  vapor  inlet 
to  the  leading  edge  of  the  substrate  was  approximately  5  cm.  Iron  pentacarbonyl  vapor  and 
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H2  gas  were  introduced  into  the  reactor  simultaneously,  by  carefully  adjusting  metering  valves 
to  the  desired  flow  rates.  Films  were  deposited  using  pre-determined  gas  flow  rates,  substrate 
temperatures,  substrate  locations,  and  rf  power.‘ 

Films  deposited  on  the  above  mentioned  substrates  at  different  temperatures,  and  their  in- 
situ  annealed  counterparts  were  collected,  and  their  microstructures  were  characterized.  The 
annealing  temperature  and  time  were  40(yc  and  4  hrs.  respectively.  Film  compositions  were 
analyzed  by  Auger  electron  spectroscopy  (AES).  The  microstructure  and  crystallinity  of  the 
films  were  analyzed  by  transmission  electron  microscopy  (TEM),  scanning  electron 
microscopy  (SEM),  atomic  force  microscopy  (AFM),  and  x-ray  diffraction  (XRD). 


3.  RESULTS  AND  DISCUSSION 

3.1  TEM.  AES  and  XRD  Charaaerization. 


deposited  on  glass  substrates  at  300*  &  400*C.  deposited  on  carbon  coated  gla.ss  substrates. 

The  XRD  patterns  from  PECVD  iron  carbide  films  grown  on  glass  substrates  evidenced 
single  phases  of  Fe7C5  and  FesC  at  substrate  temperatures  of  300°  and  400°C,  respectively 
(see  Fig.  1).  The  XRD  of  films  grown  on  carbon  coated  glass  showed  the  presence  of  FejCj 
at  3(X)°C,  and  both  FctCj  and  FcjC  at  400°C  (see  Fig.  2).  The  presence  of  a  carbide  phase 
in  these  films  was  confirmed  by  the  AES  Cls  carbon  satellite  peaks.  The  presence  of  the 
carbon-rich  metastable  F67C3  deposited  at  4(X)°C  on  carbon  coated  glass  (not  evidenced  on 
glass  at  the  same  deposition  temperature)  probably  results  from  the  carbon  provided  by  the 
carbon  support  film  on  the  copper  grids.  The  annealed  films,  deposited  under  identical 
experimental  conditions  showed  the  same  phases  as  their  un-annealed  counterparts.  The  only 
noticeable  effect  of  annealing  was  a  decrease  in  the  line  widths  of  the  x-ray  spectra,  due  to 
grain  growth  and  stress  release.*  The  grain  growth  of  these  films  was  also  observed  by 
SEM,TEM  and  AFM.  The  SEM  micrographs  shown  in  Figure  3  clearly  indicate  grain 
growth  due  to  annealing.  The  TEM  samples  were  prepared  using  the  same  plasma  operating 
parameters  as  the  films  grown  on  glass,  except  they  were  grown  on  carbon  coated  copper 
grids.  Deposition  times  for  these  films  were  only  20-30  minutes  in  order  to  obtain  films 
sufficiently  thin  (~  SOOA)  for  examination  by  TEM.  Selected  area  diffraction  (SAD)  patterns 
(see  Figure  4)  of  these  films  showed  the  presence  of  both  FejC  and  Fe7C3  at  substrate 
temperatures  of  both  300°  and  400°C  in  accord  with  the  XRD  results  obtained  from  the 
carton  coated  glass  substrates.  The  presence  of  some  Fe,04  was  also  seen  in  the  SAD 
patterns.  The  AES  data  (obtained  from  the  films  deposited  on  glass  and  carton  coated  grids) 
showed  the  amount  of  oxygen  present  in  these  films  to  be  less  than  one  atomic  %  after  two 
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minutes  of  sputtering  at  3S  A/min.  This  indicates  that  the  amount  of  Fej04  present  in  these 
films  is  small.  The  in-situ  annealed  grid  samples  evidenced  spottier  diffraction  rings,  once 
again  indicating  the  presence  of  larger  grains  in  the  annealed  samples. ‘ 


Figure  3.  (a)  A  SEM  micrograph  of  a  PECVD  Fe7Cj  film  before  annealing,  (b)  A  SEM 
micrograph  of  3(a)  aHer  annealing  at  400°C  for  4  hrs.  (c)  The  grain  size  of  carbide  films 
as  a  function  of  substrate  temperature. 


Figure  4.  A  TEM  micrograph  and  its  SAD  pattern  of  (a)  a  Film  deposited  at  30(rC,  (b) 
a  film  deposited  at  400°C.  The  substrates  were  carbon  coated  copper  grids. 

3.2  AFM  Characterization. 

Both  un-annealed  and  annealed  films  deposited  on  glass  were  investigated  on  an  atomic 
scale  using  AFM.  These  films  were  argon  ion  etched  for  30  minutes  in  a  glow  discharge 
plasma  with  an  input  power  of  50  W  (S.W.R.  - 1),  in  order  to  clean  the  surface  prior  to 
observations.  All  physorbed  contaminants  (COj.HjO)  on  the  surface  of  these  films  were 
expected  to  sputter  away  during  this  process.  When  observed  in  the  AFM,  none  of  these 
films  showed  periodicities  on  an  atomic  scale.  These  films  gave  pronounced  XRD  peaks  as 
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shown  in  Figure  1,  indicating  their  bulk  to  be  well  ordered.  This  indicates  that  either  the 
surfaces  of  PECVD  iron  carbide  filnts  were  not  ordered  enough  to  see  their  periodicities  by 
the  AFM,  or  else  the  nanocrystalline  size  grains  could  be  the  reason  for  not  seeing  the 
periodicities  in  the  AFM.  The  measured  grain  sizes  of  the  PECVD  iron  carbide  films,  as  a 
function  of  substrate  temperature,  are  shown  in  Figure  3c.  The  grains  may  be  too  small  for 
the  AFM  tip  to  focus  on  and  scan  a  sufficient  area  before  it  sees  the  effects  of  the 
surrounding  grains.  Upon  annealing  these  films,  the  grain  size  increased  and  the  surface 
became  more  ordered,  providing  larger  grains  for  the  AFM  study.’  ** 


(a) 


(b) 


(c) 

Figure  S.  (a)  An  AFM  image  of  a  PECVD  carbide  film  deposited  at  40<rC  and  annealed 
at  400°C  for  4  hrs.  (b)  A  3D  AFM  image  of  Fig.  5a,  at  a  higher  magnification. 

(c)  A  Fourier  spectrum  of  image  Sb. 

An  AFM  micrograph  of  an  annealed  film  is  shown  in  Figure  5a,  and  its  3D  image  after 
filtering  its  high  frequencies  is  shown  in  Figure  5b.  The  observed  periodicities  in  these 
images,  at  an  atomic  scale  level  remained  fixed  at  different  magnifications,  which  led  us  to 
further  pursue  investigations  of  these  data.  Knowing  that  the  AFM  system  is  capable  of 
producing  false  structure  on  images  due  to  time-domain  instabilities  of  the  microscope  and 
its  environment  and  also  due  to  the  scan  tip,  it  was  decided  that  these  images  should  be 
analyzed  more  carefully. 
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Direct  measurements  made  on  the  surface  structure  gave  approximate  periodicities  of  S.SA 
and  6. 1  A,  and  an  interplanar  angle  of  S6°.  In  order  to  verify  the  zone  axis,  the  periodicities 
of  Fe,Cj  and  FcsC  were  modeled"  '*  along  the  first  six  highest  reticular  density  planes.  The 
crystal  systems  for  both  carbides  are  orthorhombic.'*  The  obtained  spacings  and  interplanar 
angles  along  the  highest  reticular  density  planes  are  listed  in  Table  1.  Figures  6a  and  6b  show 
how  the  values  given  in  Table  1  were  obtained.  The  obtained  spacings  and  the  angles  from 
modeling  did  not  match  well  with  the  measured  AFM  data,  although  some  data  did 
correspond  to  the  reticular  density  planes  of  both  Fe,C  and  FejCj. 
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Figure  6,  (a)  A  projection  of  the  bulk  structure  of  Fe7C3  along  the  <  110>  zone,  (b) 
A  single  crystal  diffraction  pattern  of  Fig.6(a), 

Table  1.  The  High  Reticular  density  plane  spacings  &  interplanar  angles  for  Fe7C3  and  Fe3C. 


FojCs 

zone 

(d,.d,lA 

<001> 

(3.74,6.09) 

<011> 

(4.19,3.62) 

<1(X)> 

(5.94,3.64) 

<110> 

(6.09,4.33) 

<111> 

(6.09,3.44) 

<101> 

(6.38,3.62) 

QL 

zone 

127 

<011> 

31 

<100> 

54 

<111> 

101 

<010> 

31 

<021  > 

35 

<211> 

FejC 

(di^ilA 

<2 

(4.06,3.05) 

41 

(3.94,3.35) 

54 

(4.06,3.35) 

58 

(3.35,2.68) 

36 

(2.79,2.39) 

32 

(4.06,3.01) 

77 

Since  a  mixture  of  phases  was  observed  in  the  TEM  specimens,  an  attempt  was  made  to 
match  the  obtained  spacings  and  the  angle  with  any  of  the  possible  phases.  This  was  done 
by  using  a  crystallographic  matching  program  The  spacings  obtained  by  AFM  did 

not  match  well  with  any  of  the  phases  known  to  exist  in  these  films.  > 

■  i 
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It  was  then  decided  to  determine  the  spacings  from  the  Fourier  spectrum  of  the  AFM 
micrographs.  A  Fourier  spectrum  obtained  from  an  image  similar  to  Figure  is  sho'>'n  in 
Figure  jc.  Every  combination  of  spacings  and  angles  obtained  from  the  peaks  in  the  Fourier 
spectrum  were  compared  to  the  modeled  data  in  Table  I,  and  were  re-examined  using  the 
"SX*  program.  On  the  basis  of  the  measured  spacings  and  the  angles,  when  compared  to  the 
projected  models  of  high  reticular  density  planes,  we  were  unable  to  unambiguously 
determine  the  surface  structure  of  the  carbide  films.  This  could  be  a  direct  result  of  the  time- 
domain  instabilities  of  the  microscope  and  its  environment  and  the  tip  structure  which  we 
generally  refer  to  as  "  tip  noise  "  dominating  over  the  structure  of  the  PECVD  films.'" 


4.  CONCLUSIONS 

X-ray  diffraction  data  of  plasma-deposited  films  on  glass  substrates  deposited  at  300°C  and 
4CI0'C  showed  the  presence  of  only  Fc,C,  and  Fe,C  respectively.  However,  XRD  data 
obtained  on  films  on  carbon  coated  glass  substrates  at  400°C  indicated  the  presence  of  Fe7C] 
and  Fe^C.  The  TEM  SAD  patterns  of  films  deposited  on  carbon  coated  copper  grids  at  300“C 
and  40(rc  indicated  the  presence  of  a  mixture  of  metastable  Fe7C,,  FCjC  and  a  small 
amounts  of  Fe304.  These  results  indicate  that,  at  high  substrate  temperatures  carbon 
containing  substrates  favor  the  deposition  i'’  the  metastable  FCjCj  over  FcjC. 

Atomic  force  microscopy  of  a  single  crystallite  on  the  surface  of  a  film  deposited  at  400°C 
and  annealed  at  400X  for  4  hours  revealed  a  periodic  structure  of  oblate  spheroids.  The 
measured  spacings  and  angle,  when  compared  to  projected  models  of  high  reticular  density 
planes,  suggested  the  surface  to  have  a  structure  corresponding  to  either  that  of  bulk  FcjC  or 
Fe^Cy  However  the  large  contributions  of  noise  to  the  AFM  Fourier  spectrum  resulted  in 
data,  which  were  not  of  sufficient  quality  to  unambiguously  determine  the  surface  structure 
of  the  carbide  films. 
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ABSTRACT 

Using  Larmor  precession  as  a  clock.  BUttiker'  identified  theoretical  times  for  the  scattering  of 
particles  from  an  opaque  slab  coincident  with  a  magnetic  field.  The  subsequent  model  generated 
interesting  predictions  for  the  influence  of  opaque  regions  on  the  magnetic  polarization  of  the 
transmitted  and  reflected  beams.  Previous  attempts  to  verify  these  predictions  were  unable  to  do 
so  unambiguously^.  Here.  Buttiker's  formulae  are  extended  to  more  general  geometries.  An 
experiment  has  been  devised  to  test  the  theory  by  measuring  neutron  beam  polarization  in  both 
reflection  from  and  transmission  through  magnetic  films  below  the  critical  angle  for  external 
reflection. 


INTRODUCTION 

In  recent  years  there  has  been  considerable  interest  in  the  notion  of  tunneling  time:  the  amount 
of  time  particles  spend  in  classically  inacces.sible  regions  of  space.  Biittiker  intfoduced  the  idea  of 
the  Larmor  clock  to  determine  quantities  that  he  called  transmission  (traversal),  reflection  and 
dwell  time.  Very  little  experimental  work  has  been  done  to  verify  these  controversial  ideas. 
Indeed,  only  two  attempts  to  produce  a  Lamot  clock  have  been  recorded'  *.  However,  the  theory 
remains  to  be  verified. 

In  order  to  investigate  the  Larmor  cltKk.  there  are  two  aspects  to  be  considered.  The  first  is 
how  the  polarization  of  particles  changes  as  they  tunnel  through  a  potential  barrier  (as  shown  in 
Fig.  I ),  and  the  second  is  how  this  change  in  polarization  is  related  to  time  (if  at  all).  Here,  we 
concentrate  on  the  first  of  these,  in  particular,  the  interesting  predictions  for  the  influence  of 
opaque  regions  on  the  magnetic  polarization  of  the  transmitted  and  reflected  beams,  and  the 
method  for  verifying  them. 


f: 

a: 

I 


THE  LARMOR  CLOCK 


In  the  Larmor  clock,  a  particle  moves  along  some  axis  (z  in  Fig.  1 ).  The  particle  has  kinetic- 
energy  E=fi^V2m.  spin  S  =  1/2  and  is  polarized  (along  x  in  Fig,  1 ).  The  particle  interacts  with  a 
potential  barrier  of  height  V„  and  width  d.  in  which  there  is  a  magnetic  field.  B„ . 

directed  along  y.  As  the  particle  tunnels  through  the  barrier  its  polarization  changes.  Baz'  and 
Rybachenko*  believed  this  change  to  be  a  precession  of  the  polarization  around  the  field 
direction.  They  used  this  precession  angle  $  to  define  a  traversal  time  t  given  by  if  =  co,  r. 


Fig.  I  Schematic  diagram 
of  Buttiker's  Larmor 
clock.  Particles  move 
along  z  with  polarization 
along  X.  The  field  in  the 
potential  barrier  is  along 
y.  Polarization  of  the 
tran.smitted  particles 
precesses  about  the  field 
and  also  has  a  component 
along  the  field. 
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However,  Buttiker  realised  that  in  addition  to  the  precession  there  would  be  a  component  ot 
polarization  along  the  field  direction.  This  can  be  considered  as  a  rctabon  of  polarization  towards 
the  field  or  as  a  partial  alignment  with  the  field.  He  then  used  the  three  orthogonal  components  of 
polarization  of  the  transmitted  beam  of  panicles  to  define  'times'  t,.  r,  and  in  terms  of  the 
Larmor  frequency  to,  (hta,  =24„B)  such  that 

<Si>  =  -AuLtj,  <Sy>=^u>iZy.  <S,>  =  ■|(l-a)ft2/2).  (I) 

Using  the  above,  Biittiker  then  defined  the  following  process  times: 

•  traversal  time,  t,j-  (reflection  time,  t,,)  -  the  time  during  which  a  particle  interacts  with  the 

potential  barrier  if  it  is  finally  transmitted  (reflected)  through  the  barrier; 

•  dwell  time,  -  the  average  time  during  which  a  particle  interacts  with  the  barrier  regardless 

of  whether  the  particle  is  reflected  or  transmitted  by  the  barrier. 

Subsequently,  for  an  opaque  barrier  (k„d»l)  he  obtained  (to  first  order  in  k) 


-  J_ 

td  =  tx  - 

t«=  *  l2  (2) 

Attempts  to  verify  the  theory  have  been  inconclusive^,  possibly  becau.se  they  have 
concentrated  on  electron  tunneling,  where  theory  and  experiment  are  complicated  by  strong 
charge-dependent  interactions.  Buttiker  mentioned  using  neutrons,  but  to  our  knowledge,  no 
such  experiments  have  been  performed. 


NEUTRON  TUNNELING 

In  neutron  reflectometry,  a  beam  of  particles  impinges  at  grazing  incidence  on  a  thin  film 
sample  which,  in  our  ca.se.  is  ferromagnetic.  Both  the  transmitted  and  reflected  beams  can  be 
measured  and  the  polarization  of  the  neutrons  before  and  after  the  sample  can  be  analyzed.  For 
specular  scattering,  the  experimental  arrangement  can  be  considered  equivalent  to  a  I- 
dimensional  potential  barrier  along  the  direction  of  the  momentum  transfer  (z  in  Fig,  2).  The 
barrier  is  the  sum  of  nuclear  and  magnetic  potentials,  where  the  latter  results  from  the  Zeeman 
interaction  of  the  neutron  with  the  film  magnetization.  Thus,  one  may  consider  a  particle  moving 
along  z  with  kinetic  energy  E=h^qV2m  where  q  =  (kf  -  k,)/2  =  ksinS  is  the  magnitude  of  the 
component  of  momentum  transfer  perpendicular  to  the  film  (.see  Fig.  2),  The  incident  particles 
have  polarization  P,  and  the  field  B  in  the  .sample  is  restricted  to  the  plane  of  the  film  (x-y  plane 
in  Fig.  2). 


► 

X 


Fig.  2  Schematic  diagram  of  specular  scattering,  showing  the  directions  of 
incident,  reflected  and  tran.smitted  neutrons  and  the  vector  of  momentum  transfer 
Q  for  a  beam  of  neuU-ons  incident  at  some  grazing  angle  0  to  a  thin  film. 
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Following  BUttiker.  we  treat  the  scattering  as  a  steady  state  problem  described  b>  the  time- 
independent  Schrodinger  equation.  This  is  .solved  using  standard  tiansfer  matrix  techniques 
which  have  been  generalized  to  the  case  ot  magnetic  scattering^  *.  Thus,  one  must  solve  the 
equation 


-T, 

t,+R_  ' 

T, 

l_+R_ 

=  A 

■dT, 

iqd*  -R,) 

.'dT  . 

iq(L  -  R. ) 

where  T*  and  R*  are  the  transmission  and  reflection  amplitudes  for  the  tspin  states  along  the 
axis  of  quantization  (z)  and  A  is  a  4  x4  matrix,  the  elements  of  which  depend  on  quantities  S|  and 
S2  which  are  related  to  the  refractive  indices  for  the  spin  states 

si=(4)tNb  -  q2  -i-  4)iNp)’'^ 

S2=(4jcNb  -  q2  -  4tiNp)''2  (4) 

where  N  is  the  number  density  of  scattering  centres  per  unit  volume,  b  is  the  average  coherent 
nuclear  scattering  amplitude  and  p  is  the  magnetic  scattering  amplitude  {2nh^  Np/m  =  -  p„IBI). 

To  obtain  analytical  formulae,  we  replace  S|  and  S2  by  the  small  field  approximations 

S|=s„+a  S2=s„-  (5) 

where  So^  =  dnNb  -  q2  and  a  =  2itNp/s,.. 

In  general,  the  nuclear  scattering  amplitude  b  is  complex,  the  imaginary  component 
representing  absorption.  Consequently.  s„  is  also  complex.  In  the  absence  of  absorption,  s„  is 
purely  real  below  and  purely  imaginary  above  the  critical  angle  for  reflection. 

Note:  these  approximations  require  the  magnetic  scattering  amplitude  to  be  .small  enough  that 

47tNp  «  4)tNb  -  q^  (6) 

which  prevents  one  from  applying  the  resulting  formulae  in  the  immediate  vicinity  of  the  critical 
angle.  (However,  we  have  numerical  solutions  for  all  values  of  the  model  parameters*.) 


Using  the  above,  the  transmission  coefficients  T.  and  T  are  calculated,  from  which  the 
polarization  components  for  the  transmitted  neutrons  are  obtained  using. 

2Re(Oj  aimCTtTJ  „  |T/-|T,f 

iT.l^lT.f  ^  |T.f+iT.f  ^  tT/+|T_f 

The  polarization  components  for  the  reflected  neutrons  are  obtained  from  similar  expressions 
in  terras  of  the  reflection  coefficients. 

Thus,  one  finds  the  compact  result 

_Pi-C,B4C2piXB 

where  Pj  =  (P,,Py,Pi),  B=  (B„B_y,0)  and  the  coefficients  Cj  and  C2  are  functions  of  s„.  d  and  q. 
(The  coefficients  are  complicateo  and  cannot  be  shown  here  because  of  space  limitations). 


Equation  (8)  is  exact  to  first  order  in  the  field  (except  at  the  critical  angle)  and  generalizes 
Biittiker's  calculations  to  arbitrary  directions  of  Pj  and  B  (B  in  plane  of  film).  Three  aspects 
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should  be  emphasized: 

(i)  if  the  coefficient  c,  is  non-zero,  the  potential  barrier  is  a  transmission  polarizer; 

(ii)  if  the  polarization  of  the  incident  neutrons  is  parallel  to  the  field,  the  polarization  w  ill  be 
unchanged  upon  tran.smission  of  neutrons  through  the  barrier. 

(iii)  for  non-zero  C|  and  Cj.  the  polarization  of  the  transmitted  beam  changes  in  iwo  wass;  i: 
has  a  component  in  the  field  direction  as  well  as  a  component  which  is  the  result  ot 
precession  about  the  field  direction. 

Equation  (8)  gives  ri.se  to  intere.siing  predictions  for  the  polarization  in  diffeient  limits  (some 
of  these  are  displayed  in  the  appendix),  but  here  we  concentrate  on  the  case  discussed  by 
Biittiker. 


Qpiique  Limit 

In  the  opaque  limit.  .s„d  »l  (and  q->0).  the  polarization  of  the  transmitted  neutrons  becomes 
P  -  P, -CidB-c.qP.xB 


where  c'l  and  c':  depend  only  on  s„  (.s.,  =  V4rtNb)  and  where  the  surviving  d-  and  q- 
dependence  has  been  made  explicit.  In  Biittiker's  geometry  (Blly.  P,  llx) 

P,  =P, -CjdB-cyqP,  xB  (10) 

or,  looking  at  the  individual  coniponents. 

Pi.  =P:. 

o  -  -  nid 

Pfz  = 

It  follows  that  Pf;j  and  Pf^  lead  to  Biittiker's  ty  and  t/  using  his  prescription.  t,=P/ci)|  (j=y.z). 
However,  his  definition  of  t,  is  inconsistent  with  the  calculated  changes  in  polarization  to  first 
order  in  the  field.  Note  that  Biittiker's  definition  of  t,  was  previously  criticized  by  other  authors''. 

Regardless  of  imposing  a  Larmor  cliKk  interpretation  on  the  polarization  of  transmitted  and 
reflected  beams,  the  implications  of  these  re.sults  are  interesting  in  themselves.  In  equations  (II). 
the  component  Pty  describes  rotation  or  alignment  of  the  polarization  towards  the  field  direction, 
and  depends  on  the  barrier  width  d.  The  component  ilescribes  prece.ssion  of  the  polarization 
about  the  field  and-contrary  to  classical  preccssion-is  independent  of  the  barrier  width.  As  noted 
in  the  appendix,  classical  behaviour  is  retrieved  in  the  high-q  limit  where  equation  (X)  becomes 
equivalent  to  the  gyromagnetic  equation.  The  alignment  tendency  is  arguably  an  intuitive 
consequence  of  Zeeman  .splitting  by  the  field  in  the  barrier,  but  the  remarkable  change  in  the 
precession  accompanying  opacity  seems  more  difficult  to  rationalize  on  familiar  grounds. 
Evidently,  the  non-oscillatory  (or  'overdamped')  nature  of  the  .spatial  part  of  the  wave  function  in 
an  opaque  barrier  has  a  profound  effect  on  the  response  of  the  beam  polarization  to  the  uniform 
field  confined  there.  Clearly,  information  is  required  for  the  Larmor  clock  idea  which  is  based  on 
the  behaviour  of  the  polarization  in  the  tunneling  regime.  If  measurements  were  to  di.sagree  with 
equation  (8),  the  fundamental  model  assumed  for  the  physical  system  would  apparently  need  re¬ 
examination.  Below,  we  describe  a  method  to  test  these  polarization  predictions  experimentally. 


(11) 
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EXPERIMENTAL  ARRANGEMENT 

The  experimental  arrrangement  developed  at  NIST  is  described  in  Fig.  3.  The  sample  is  a 
thin  film  of  an  ordered  remnant  ferromagnet  set  in  a  zero  field  region.  The  geometry  of  the 
sample  is  such  that  return  fields  outside  the  pla"?  of  the  sample  are  negligible.  Polarized  neutrons 
are  incident  at  grazing  angles  to  the  sample  and  the  rellected  and  transmitted  neutrons  are 
measured.  The  incident  beam  can  have  its  polarization  set  to  any  required  direction  and  the 
polarizations  of  the  transmitted  and  reflected  beams  are  analyzed.  From  these,  the  angles  of 
rotation  and  precession  of  the  polarization  can  be  ebtained.  To  verify  equation  (8)  and  the 
complete  numerical  predictions,  this  must  be  done  as  a  function  of  incident  energy  (i.e..  by 
varying  the  angle  of  incidence),  sample  thickness  and  nuclear  potential  magnitude. 


Fig.  3  Schematic  diagram  of  experimental  arrangement.  The  sample  is  a  thin  film 
of  remanent  ferromagnet  placed  in  a  zero-field  region.  The  polarization  of  the 
incident  neutrons  is  set  to  any  chosen  direction  and  the  polarization  of  the 
transmitted  neutrons  is  analyzed. 


CONCLUSION 

With  polarized  neutrons  it  is  possible  to  interpret  quantum  mechanical  tunnelling  theory  in  a 
relatively  uncomplicated  formalism  from  whicii  predictions  for  polarization  vectors  of  transmitted 
and  reflected  neutrons  can  be  made  as  functions  of  the  barrier  potential  and  field  and  the  incident 
neutron  polarization  and  energy.  Since  these  predictions  are  verifiable  by  experiment,  polarized 
neutrons  can  be  used  to  test  the  first  part  of  Buttiker's  theory  of  tunnelling  times  while  avoiding 
the  problematical  interpretive  layer  of  time  itself.  Moreover,  as  emphasized  above,  the  effects  of 
opacify  on  polarization  are  intrinsically  intere.sting.  To  verify  the  part  which  relates  ihe.se 
polarization  changes  to  tunneling  times,  it  will  be  nece.ssary  to  compare  the  'times'  calculated 
from  the  polarization  with  direct  measurements  of  the  time  of  pas.sage  of  neutrons  through 
ferromagnetic  .samples.  Thus  polarized  neutrons  may  aid  to  re.solve  the  controversial  issue  of 
tunnelling  time  and  the  Larmor  clock. 


APPENDIX 

Kinematic  limit 

In  the  high-q  limit,  the  alignment  term  in  equation  (8)  vanishes,  and  the  transmitted 
polarization  becomes 

P,  =P,-^^P,xB  (All 

In  this  limit,  one  can  consider  the  neutrons  to  be  travelling  with  momentum  mv  =  hq. 
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Combining  this  with  (A1 )  one  obtains  the  gyromagnetic  equation  for  classical  precession  of  the 
polarization  vector  in  a  uniform  magnetic  field 

^  =  (P, -P,)J--rP,xB  (A2l 

where  f  = 

Reflsvnpn 

For  reflected  neutrons,  the  polarization  is  given  by 

n  P,  +  c'  1  B  -  c'  2  ( P,  X  B )  ,  ,  , , 

- 1  r-'cTP.B 

where  the  coefficients  c'l  and  c'2  are  not  provided  here  due  to  space  limitations.  To  first  order  in 
q,  c'l  =  0  so 

P,  =  P,  -  c'lfP,  X  Bl  (A4l 

This  leads  to  the  results  of  Baz’',  Rybachenko*  and  Biittiker  for  the  rellected  particles 


Pure  absorption 

Alloys  can  be  made  in  which  the  real  part  of  the  nuclear  scaiiering  amplitude  is  zero.  leas  ing 
only  the  imaginary  component  describing  ab.sorption.  For  this  special  absorption-only  case,  the 
polarization  of  the  transmitted  neutrons  P,  is  given  by 

n  _  Pi  -  Cl  d  B  -  c'l  d  P.  X  B  ,  ,  , 

P, - 1".  c'TdF,  1  ■ 

where  now  the  polarization  prece.ssion  angle  is  equal  to  the  rotation  angle  and  the  coef  ficient  c'l  = 
ad.  where  a=2rtNp/s„  and  d  is  the  barrier  width. 
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ABSTRACT 

High-resolution  election  microscopy  has  been  used  to  characterize  the  microstructure  of 
thin  Co/Cu  metallic  multilayers  grown  on  Si(IOO)  substrates  by  dc  magnetron  sputtering.  The 
nature  of  the  buffer  layer  between  the  silicon  wafer  and  the  multilayer  had  a  significant  effect 
on  the  structural  integrity  of  the  multilayer.  An  increase  in  grain  size  was  observed  as  a 
function  of  Cu  layer  thickness,  with  grain  sizes  typically  being  at  least  3-4  times  the  bilayer 
period.  A  high  degree  of  structural  ordering  was  ob^ived  in  superlattices  comprised  of  thicker 
Cu  layers  with  large  grains  often  spanning  the  complete  multilayer  stack.  Complementary 
magnetic  measurements  enabled  the  microstruclure  to  be  related  to  the  oscillatory  exchange 
coupling  and  large  magnetoresistance  exhibited  by  these  thin  magnetic  films. 


INTRODUCTION 

Metallic  multilayer  structures  consistinj;  of  alternating  magnetic  and  non-magnetic  thin  films 
exhibit  long-range  oscillatory  coupling  and  giant  magnetoresistance  (GMR)  behavior  that  is 
intiniately  related  to  the  occurrence  of  antiferromagnetic  coupling  between  layers.  The  GMR 
effect  was  first  reported  in  epitaxial,  single-crystal  Fe/Cr  multilayers  1 1  ]  but  it  was  later  also 
discovered  in  sputtered,  polycrystalline  Fe/Cr  films  |2],  and  eventually  established  as  a 
widespread  property  common  to  many  transition  metals  13). 

Various  theoretical  models  have  been  proposed  to  explain  the  GMR  effect  as  it  relates  to 
these  artificially  layered  structures:  better  differentiation  between  (some  oO  the  models  is 
simplified  with  assistance  from  electron  micrographs  that  compare  microstiuctural  features  of 
the  respective  thin  films.  The  high-resolution  electron  microscope  (HREM)  is  nowadays 
capable  of  providing  atomic-level  structural  information  (4):  it  thus  represents  an  excellent  tool 
for  characterizing  the  morphology  of  magnetic  multilayers  where  layer  dimensions  and  other 
features  of  interest  approach  this  scale.  In  this  paper,  we  describe  our  recent  HREM 
observations  of  a  variety  of  Co/Cu  metallic  superlattices  grown  on  Cu,  Fe  and  Ru  buffer 
layers.  Particular  attention  is  given  to  the  relationship  between  microstructure  and  magnetic 
properties,  especially  the  crucial  role  played  by  the  buffer  layers  deposited  upon  the  silicon 
substrate  before  growth  of  the  multilayer. 
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EXPERIMENTAL  DETAILS 

The  Co/Cu  multilayer  samples  were  deposited  on  polished  and  chemically  etched  Si(lOO) 
wafers  using  a  computer-controlled  dc  magnetron  sputtering  system  having  a  base  pressure  of 
-2xl0'*  Torr.  Samples  for  electron  microscopy  were  prepared  in  cross-section  in  the  standard 
manner  [5]  by  mechanical  polishing,  dimpling  and  ionmilling  to  perfea-ation  using  5  keV  argon 
ions  with  the  sample  in  a  liquid-nitrogen  milling  stage.  Electron  microscope  observations 
utilized  a  JEM-4(XX)EX  HREM  operated  at  4(X>  keV.  The  standard  double-tilt  specimen  holder 
was  used  to  orient  the  Si  substrate  into  a  ( 1 10]  projection,  with  the  substrate  normal  aligned 
perpendicular  to  the  incident  beam  direction  so  that  the  multilayer  stack  could  be  observed  in  an 
edge-on  configuration.  Variations  in  micro'tructure  as  a  function  of  distance  from  the  substrate 
could  then  be  established.  Images  were  recorded  at  both  the  optimum  defocus  (~  -48nm),  and 
at  a  substantial  underfocussing  condition  (~  -200nm),  with  typical  electron-optical 
magnifications  of  500,000  times.  The  former  defocus  provided  standard  high-resolution 
micrographs,  while  the  latter  defocus  enabled  better  differentiation  to  be  made  between  the  Cu 
and  Co  layers.  Selected  area  electron  diffraction  (SAED)  patterns  provided  details  about  the 
extent  and  development  of  local  texturing  in  the  thin  films. 
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RESULTS  AND  DISCUSSION 
1.  Influence  of  buffer  layer. 

Our  initial  electron  microscopy  observations  compared  Co/Cu  multilayer  samples  that  had 
5nm  buffer  layers  of  either  Fe  or  Cu  interspersed  between  the  Si  substrate  and  the  multilayer 
stack,  with  the  same  metals  also  being  used  as  capping  layers(61.  GMR  values  at  room 
temperature  were  found  to  exceed  45'^  for  the  Fe  buffer  but  barely  reached  20‘/c  for  the  Cu 
buffer,  and  later  magnetic  measurements  for  an  optimised  [O.Snm  Co/  ().S3nm  Cc)  multilayer, 
with  Fe  buffer  layer  and  Cu  capping  layer,  demonstrated  GMR  values  of  greater  than  65%  at 
room  temperature  and  115%  at  4.2K.  Representative,  low-magnification  elecffon  micrographs 
of  two  Co/Cu  multilayers,  deliberately  underfocussed  to  heighten  contrast  differences  between 
the  Cu  and  Co  layers,  are  shown  in  Fig. I,  It  is  clear  that  the  Cu  buffer  layer  (Fig. la)  has 
reacted  with  the  Si  sub.strate  to  depths  of  greater  than  5nm,  but  there  is  no  indication  of  any 
similar  reaction  for  the  Fe  buffer  layer  (Fig. lb).  Residual  diffraction  contrast,  which  is  more 
apparent  in  low-resolution  images  and  also  confirmed  in  high-resolution  lattice  images  recorded 
at  optimum  defocus,  sugge.sts  the  existence  of  extensive  columnar  growth  extending  through 
several  bilayers.  It  is  also  interesting  to  compare  the  considerable  layer  budding  that  occurs  for 
the  Cu  buffer  layer  sample  with  the  comparatively  smooth  and  flat  layers  observed  for  the  Fe 
buffer.  The  disparity  in  magnetic  behavior  between  these  samples  has  been  attributed  to  these 
morphological  differences  that  originate  from  the  buffer  materials.  For  example,  the  layer 
buckling  could  result  in  only  partial  ferromagnetic  alignment  of  adjacent  Co  layers,  and 
variations  in  Cu  spacer  layer  thickne.ss  will  affect  the  extent  and  nature  of  the  inagnetic  coupling 
between  layers  which  is  known  to  be  very  thickness-sensitive  |7J. 


Fig.  I .  Cross-sectional  electron  micrographs  of  ( 1  .Onm  Co/0.9nmCu]  multilayers:  (a)  5.0nm 
Cu  buffer  layer/5.0nm  Fe  capping  layer;  (b)  5.0nm  Fe  buffer  layer/5.0nm  Cu  capping 
layer.  Micrographs  recorded  at  ~  -200nm  to  enhance  contrast  between  Co  and  Cu  layers. 
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2,  Effeg  of  Cu-layer  ihisJmsss, 

Oscillatory  exchange  coupling  has  been  observed  for  Co/Cu  multilayers  grown  on  Si 
substrates  as  the  Cu  layer  thickness  is  increased,  with  an  oscillation  period  of  ~  Inm  (7).  The 
oscillations  dampen  out  after  ~5nm  and  the  related  OMR  then  decays  inversely  as  the  Cu  spacer 
layer  thickness  [8],  We  have  observed  a  series  of  Co/Cu  samples  with  Ru  buffer  and  capping 
layers,  Co  magnetic  layers  of  constant  l.Onm  thickness,  and  Cu  layer  thicknesses  varying  from 
1.0  to  40nm  [9],  Compositional  contrast  was  still  difficult  to  achieve  in  optimum  defocus 
images  because  of  the  proximity  of  Co  and  Cu  in  the  Periodic  Table  but  images  recorded  at 
large  underfocus  values  could  again  be  utilized  to  provide  details  of  the  multilayer  topography. 


Fig.  2.  Cross-sectional  electron  micrograph  of  |l.lnm  Co/17.0nm  Cu)  muUilayer  recorded  at 

large  underfocus  value  (~  -200nm). 

As  an  example,  Fig.2  shows  an  underfocussed  image  from  the  sample  of  nominal  structure 
Si(I00)/Ru(5.0nm)(Co(l.lnm)/Cu(17.0nm)|x6/Ru(1.5nm).  The  positions  of  the  Co  magnetic 
layers  within  the  Cu  spacer  layers  are  easily  discerned  on  the  basis  of  contrast  differences  that 
are  accentuated  by  Fresnel  diffraction  effects.  The  "waviness”  of  the  Fresnel  fringes,  which 
increases  further  away  from  the  substrate,  serves  as  an  indication  that  the  flatness  of  the  Co 
layer  is  also  decreasing  but  there  is  no  obvious  direct  bridging  between  con.secutive  magnetic 
layers.  An  overview  of  a  compendium  of  micrographs  confirms  that  similar  observations  are 
applicable  to  the  entire  series.  Basically,  the  multilayers  have  polycrystalline  structure,  with 
grain  sizes  that  generally  increase  with  increasing  Cu  layer  thickness.  The  predominant  grain 
morphology  is  columnar,  with  grains  usually  extending  over  three  or  more  bilayer  period.s. 
Measurements  from  high-re.sclution  (optimum  defocus)  images  enable  the  sizes  of  individual 
grains  to  be  accurately  estimated:  the  results  are  summarized  in  Table  1. 


Table  I 

Variation  in  average  grain  size  with  Cu  spacer  layer  thickness 
tcu(nm)  Grain  size  (nm) 


0.9 

3-5 

4.3 

10-20 

8.5 

20-40 

17.0 

80-100 

34.0 

200-300 
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Fig.  3.  Schematic  drawing  to  illustrate  the  variation  in  multilayer  morphology  with  inaeasing 

Cu  spacer  layer  thickness. 

Based  on  these  observations,  the  morphology  of  the  multilayers  can  be  represented 
schematically  as  a  function  of  the  Cu  .spacer  layer  thickness,  as  shown  in  Fig.3.  It  is  also  clear 
from  careful  study  of  the  high-resolution  images,  and  confirmed  by  the  strong  texturing  seen  in 
the  SAED  patterns,  that  many  of  these  columnar  grains  have  Cu  11111  (close-packed)  planes 
parallel,  or  nearly  parallel  (to  within  ~  1-2®),  to  the  substrate  surface.  An  example  taken  from 
the  sample  with  a  nominal  Cu  thickness  of  17.0nm  is  shown  in  Fig.4.  Overall,  most  of  the 
grains  appear  to  be  well-ordered,  although  .stacking  faults  and  twin  boundaries  are  sometimes 
seen,  and  strain  contrast  associated  with  the  presence  of  the  Co  layers  is  often  visible  in 
multilayers  with  thick  Cu  spacer  layers.  Grains  of  other  orientation  were  also  observed  but 
these  did  not  appear  to  have  any  well-defined  crystallographic  relationship  with  the  substrate. 

It  is  not  difficult  to  reconcile  these  structural  characteristics  with  the  corresponding 
magnetic  behavior,  particularly  in  view  of  the  fact  that  the  GMR  effect  occurs  only  for 
structures  containing  at  least  two  Co  layers  but  not  for  structures  with  single  Co  layers 
sandwiched  between  thick  Cu  layers  [8].  Thu.s,  the  occurrence  of  GMR  must  be  related  to 
propagation  of  conduction  electrons  from  Co  layers  through  Cu  layers  to  adjacent  Co  layers.  It 
is  also  clear  that  GMR  must  be  dependent  upon  layer  .smoothness,  interlayer  bridging, 
interface  roughness,  crystal  orientation  and  the  presence  of  defects.  The  occurrence  of  large 
grains  in  the  Co/Cu  multilayers  implies  reduced  grain  boundary  .scattering  with  the  primary 
microstructural  feature  being  the  compositional  layering.  Theoretically,  the  microslructure 
could  be  considered  as  approaching  a  single,  large  Cu  grain  with  periodically  interspersed, 
compositionally  different  layers  (Co).  The  inverse  thickness  dependence  of  the  GMR  that  is 
observed  for  large  spacer  thickness  can  be  explained  in  terms  of  its  dependence  on  scattering  at 
Co/Cu  interfaces  [10].  Thus,  the  pronounced  crystallinity  and  the  strong  Co  layering 
effectively  mean  that  there  is  a  dilution  of  the  interfacial  scattering  effect  as  the  spacer  layer 
thickness  is  increased.  Finally,  the  crystalline  perfection  of  the  individual  Cu  grains  Justifies  a 
value  for  the  electron  scattering  length  (-  30nm)  that  is  close  to  the  bulk  mean  free  path  within 
Cu,  as  predicted  solely  on  the  basis  of  the  falloff  of  GMR  with  increasing  Cu  thickness  [8]. 


Fig.  4.  High-resolution  electron  micrograph  from  the  ( 1 . 1  nm  Co/17.0nm  Cu]  multilayer 
including  part  of  large  Cu  grain  with  1 1 1 1 )  planes  parallel  to  plane  of  substrate. 


CONCLUSIONS 

On  the  basis  of  our  electron  micro.scopy  observations  of  sputtered  Co/Cu  metallic 
superlattices,  particularly  at  high  resolution,  a  number  of  useful  correlations  have  been  made 
between  the  magnetic  behavior  and  the  microstructure.  For  thin  Cu  spacer  layers,  the  quality  of 
the  initial  buffer  layer  controlled  the  subsequent  growth  of  flat  Co  and  Cu  layers,  with  Fe  being 
far  superior  to  Cu  both  in  terms  of  structural  quality  and  desired  magnetic  properties.  The 
deposited  films  had  a  polycrystalline,  columnar  structure  extending  through  several  bilayer 
periods  but  the  positions  of  the  Co  layers  were  observed  to  remain  well-defined.  It  was 
apparent  that  grain  sizes  increased  with  increa.sing  Cu  spacer  layer  thickness  and  they  were 
usually  at  least  3  to  4  times  the  bilayer  period.  TTto.se  multilayers  grown  with  thicker  Cu  layers, 
(t  >  lOnm)  had  preferred  {1111  grain  orientations  that  imparted  a  pronounced  texture  to 
selected  area  diffraction  patterns.  These  structural  characteristics  implied  that  conduction 
electron  scattering  at  grain  boundaries  should  not  play  a  significant  role  in  developing  models 
for  the  observed  thickness  dependence  of  GMR.  Overall,  it  can  be  concluded  that  the 
microstructural  information  about  the  Co/Cu  multilayers  provided  by  the  electron  microscopy 
enabled  better  insights  to  be  gained  about  their  magnetic  behavior. 
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Section  A— Multilayers  and  Surfaces 
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Surface  Magnetism 
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THEORY  FOR  THE  NONLINEAR  MAGNETO-OPTICAL  KERR-EFFECT 
AT  FERROMAGNETIC  TRANSITION  METAL  SURFACES 
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Institute  for  Theoretical  Physics,  Freie  Universitat  Berlin 
Arnimallee  14,  1000  Berlin  33,  Germany 

ABSTRACT 

The  nonlinear  magneto-optical  Kerr -effect  (NMOKE)  has  been  proven  to  be  an  ullrafast 
spectroscopic  probe  of  the  magnetic  and  electronic  properties  of  ferromagnetic  surfaces. 
Extending  our  previous  theory  wre  calculate  the  linear  and  nonlinear  magneto-optical 
Kerr-spectra  of  Fe.  The  results  for  the  nonlinear  Kerr  spectra  are  compared  with  recent 
experiments  on  a  Fe(llO)  surface.  We  derive  and  discuss  general  features  of  the  nonlinear 
Kerr-effect,  especially  the  details  of  its  dependence  on  exchange  interaction  and  Fermi- 
level  crossings  in  the  Stoner  picture  and  beyond,  frequency,  and  spin-orbit  interaction. 
Furthermore  we  demonstrate  how  various  electronic  material  properties,  such  as  d-band 
width,  s-d  hybridization  or  band  narrowing  due  to  electronic  correlations  or  caused  by 
geometry  (reduced  coordination  number  in  thin  films),  can  be  extracted  from  the  spec¬ 
tra.  As  an  example,  we  compare  the  linear  and  nonlinear  Kerr-spectra  of  Fe  to  those 
of  Ni.  The  extension  of  our  theory  to  the  Kerr  spectra  of  thin  magnetic  films  films  as 
well  as  of  hidden  magnetic  interfaces  occurring  in  sandwiches  and  multilayers  is  discussed. 

INTRODUCTION 

The  nonlinear  magneto-optical  Kerr-effect  (NOLIMOKE)  describes  the  rotation  of  the 
polarization  plane  for  second  harmonic  generation  (SHG)  in  reflection  from  a  ferromag¬ 
netic  sample  surface.  This  effect  reflects  the  symmetry  of  the  surface  and  allows  for  the 
study  of  two-dimensional  ferromagnetic  structures  at  surfaces,  interfaces,  in  thin  mag¬ 
netic  films  and  multilayers.  In  combination  with  optical  “pump  and  probe"  techniques 
the  nonlinear  magneto-optical  Kerr-effect  allows  a  time-dependent  investigation  of  2D- 
magnetism  on  the  pico-  through  femtosecond  time  scale.  Since  it  seems  conceivable  to 
apply  NOLIMOKE  for  layer-by-layer  magneto-optical  recording  this  effect  is  interesting 
for  the  development  of  magneto-optical  storage  media.  Note  that  in  contrast  to  non- 
optical  studies  the  nonlinear  Kerr-effect  is  destructionless  and  not  restricted  to  the  study 
of  remanent  magnetization.  As  NOLIMOKE  is  caused  by  the  interplay  of  spin-orbit  and 
exchange  interaction  it  becomes  important  for  the  determination  of  the  spin-orbit  induced 
magnetocrystalline  anisotropy. 

Motivated  by  theoretical  studies  on  NOLIMOKE  in  Ni  [1,  2)  first  experiments  on  Fe 
were  performed  in  1991  (Reif  et  al.  [3]). 

Besides  comparing  with  these  experiments  it  is  of  general  interest  to  analyse  theoret¬ 
ically  the  differences  between  the  Kerr-si>ectra  of  Fe  and  Ni.  The  differences  regarding 
the  magnetic  properties  like  exchange  splitting,  magnetic  moments  and  crystal  structure 
require  an  extension  of  our  previous  theory.  For  Fe  one  expects  a  reduction  of  electronic 
many-body  effects  and  at  the  same  time  an  increase  of  geometric  structure  effects.  Fur¬ 
thermore,  by  varying  different  characteristics  of  the  bandstructure  (d-band  width,  s-band 
position,  exchange  splitting),  we  expect  a  more-detailed  understanding  of  the  parameters 
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controlling  the  features  of  the  spectrum.  This  will  be  also  useful  for  a  systematic  under¬ 
standing  of  the  nonlinear  Kerr-elfect  in  different  ferromagnetic  transition  metals  and  for 
an  extension  of  our  theory  to  interfaces,  thin  magnetic  films,  and  magnetic  alloys. 

THEORY 

The  linear  Kerr  susceptibility  (bulk  effect)  is  given  by  the  familar  expression  (M  1 
surface,  incident  electric  photon  field  j|  x) 


t(k  +  q,/V|»|kM{k/o|x|k  +  q,M  . 

/(  ^k+qj'a )  ~  /( EkJo )  j 
£k+q,;'»  •“  £^kt»  -  fiu)  +  ihai 

The  nonlinear  magneto-optical  surface  susceptibility  resulting  from  theory[2]  is 


(1) 


v(2) 


(2qii. 


c  k, 


{k  +  2q(|,/'V|x!k/<7)(k/o|x|k-l-  q||,/V)(k  -f  q||,/V|r|k  4-  2q||,/"(T) 


_ _ /t^k^q,, 

^k+»q,  .i''.'-^k+q,.i'.  ^k+q,,i'.‘®ki.''‘‘*'+''‘“' 

£jcs.2q|,ev  “  ^ki(r  —  +  i2hoij 


(2) 


Here,  the  following  symbols  are  used:  The  photon  wave  vector  parallel  to  the  surface  is 
denoted  by  q||,  is  the  spin-orbit  coupling  constant,  |k/cr)  =  are  Bloch 

states  of  wave  vector  k  and  spin  tr  in  the  Ah  band,  is  the  bandstructure  of  the 
irradiated  material  and  oj  is  the  experimental  resolution,  fl  refers  to  the  volume  and 
a  is  the  lattice  constant.  For  a  detailed  derivation  see  [1,  2).  The  tensors  xiV(q,w.M) 
and  xi«(2q|ti  2w,  M)  are  tensors  of  rank  two  and  three,  respectively.  In  centro-symmetric 
media,  xi«(2q||!2w,M)  vanishes  exactly  due  to  the  product  of  three  parity-changing 
dipole  matrix  elements,  except  for  the  surface  where  the  crystal  symmetry  is  broken.  The 
photons  of  frequency  u)  induce  oscillating  dipole  moments  leading  to  a  surface  charge  of 
frequency  u;  which  in  turn  interacts  with  the  incoming  photons  and  becomes  the  source 
of  the  frequency-doubled  reflected  light.  This  holds  also  in  the  presence  of  a  finite  mag¬ 
netization  M. 


RESULTS  AND  DISCUSSION 

We  calculate  the  nonlinear  magneto-optical  Kerr-susceptibility  in  Fe  in  order  to 

compare  directly  with  experiment.  In  order  to  include  the  influence  of  many-body  effects, 
especially  the  narrowing  of  the  s  and  d  bands  due  to  electronic  correlations,  we  make 
the  following  changes  of  the  bandstructure  parameters  given  in  ref.  [4]:  (i)  Alt  hopping 
parameters  are  reduced  to  60  %  of  their  values.  This  corresponds  to  the  reduction  of  the 
d-band  width,  (ii)  The  energy  of  the  F-ptoint  is  changed  from  1.47  eV  to  2.5  eV.  Thus, 
the  occupied  portion  of  the  s  bands  is  narrowed.  All  other  parameters  are  taken  from  ref. 
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[4],  except  for  the  exchange  coupling  constant  J  =  1.7eV  and  the  spin-orbit  coupling 


Figure  1:  Spin-polari2ed  bandstructure  of  iron.  Solid  (dashed)  curves  refer 
to  the  majority-  (minority-)  spin  bands. 


To  demonstrate  the  validity  of  the  electronic  structure  used  in  our  calculations  of 
and  we  show  in  Fig.  1  the  resulting  ferromagnetic  band  structure  of  Fe. 

It  is  obvious  that  the  d-band  width  becomes  smaller  by  the  reduction  of  the  tight-binding 
hopping  parameters  A;  (i  =  1,  ...  ,7).  The  points  a,  b,  and  c  indicate  the  shift  of  the 
respective  pure  d-like  or  sd-hybridized  high-symmttry  points.  Similarly,  the  modification 
of  the  energies  ^  of  the  F-point  leads  to  a  shift  of  the  s-like  symmetry  points. 


Figure  2:  Nonlinear  magneto-optical  Kerr  Figure  3:  Frequency  dependence  of  the 
susceptibility  of  Fe  for  different  d-band  nonlinear  magneto-optical  Kerr  suscep- 
widths  as  a  function  of  frequency.  tibility  of  Fe  for  shifted  s  bands. 

In  Fig.  2  we  show  the  nonlinear  magneto-optical  Kerr-spectra  for  different  values  of  the 
Fletcher- Wohlfahrt  hopping  parameters.  For  the  dotted  curves,  we  use  the  values  of  the 
hopping  parameters  Aj  (i=l,...,7)given  in  ref.  [4].  The  dashed  and  solid  curves  correspond 
to  a  reduction  of  all  A,  to  80  %  and  60  %  of  these  values,  respectively.  This  reduction 
of  the  d-d  hopping  leads  to  a  narrowing  of  the  d  band  (see  Fig.  1 ).  Due  to  electron- 
electron  correlations  the  probability  of  transitions  with  lower  energies  is  increased.  This 
essentially  leads  to  a  shift  of  the  first  structures  in  the  linear  and  nonlinear  Kerr-spectra 
to  lower  energies  and  to  a  simultaneous  reduction  of  their  heights.  The  shift  of  the  second 
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structures  is  due  to  transitions  between  the  d  band  and  s-like  or  sd-hybridized  bands  and 
is  therefore  always  smaller  than  the  shift  of  the  first  structures  which  predominantly  result 
from  transitions  between  d-like  bands  close  to  the  Fermi  level.  The  modifications  of  the 
third  structure  in  the  spectra  increasingly  correspond  to  bands  far  from  the  Fermi-level 
and  do  not  show  a  clear  dependence  on  the  d-d  hopping  elements.  Thus,  in  sununary, 
we  may  conclude  that  changes  in  the  d-band  width  affect  different  parts  of  the  spectra 
differently.  We  expect  then  such  a  behavior  also  with  respect  to  changes  in  the  position 
of  the  a  band  as  can  be  seen  in  Fig.  3. 

Fig.  3  shows  the  nonlinear  magneto-optical  spectrum  for  different  values  of  the  bottom 
of  the  a  band  (T-point).  The  position  /3  of  the  energy  at  the  T-point  is  increased  from 
1.47  eV  via  2.0  eV  and  2.5  eV  to  3.0  eV.  Changing  /9  affects  in  particular  the  first  peak 
of  the  nonlinear  spectrum.  It  is  shifted  to  smaller  energies.  The  peaks  at  large  energies 
(above  8  eV)  however,  are  shifted  to  larger  frequencies  since  the  top  of  the  a  band  lies  at 
increasingly  higher  energies  (high  above  the  Fermi-'evel).  Note  that  the  first  strucutre  of 
the  nonlinear  Kerr-spectrum  is  mainly  independent  of  ^  which  is  in  agreement  with  our 
previous  observation  (see  Fig.  2)  that  this  peak  involves  mostly  d-d  transitions. 


Figure  4;  Dependence  of  the  non¬ 
linear  magneto-optical  Kerr 
susceptibility  of  Fe  on  magnetization 
as  characterized  by  the  exchange 
splitting  J  =  x/„,  =  1.776  eV. 

The  inset  shows  the  height  of  the 
first  structure  (at  2  eV.  .  .3  eV) 
as  a  function  of  splitting. 


Energy  ho  (eV) 


In  Fig.  4,  we  show  the  dependence  of  the  nonlinear  Kerr-spectra  on  the  exchange 
coupling  constant  J.  We  find  for  the  nonlinear  spectrum  (at  least  for  energies  below  7 
eV)  a  monotonic  increase  of  the  structure  heights  with  increasing  J.  As  is  shown  in  the 
inset,  this  increase  starts  linearly  in  J.  For  larger  values  of  the  exchange  interaction,  the 
dependence  tends  to  saturate. 

In  view  of  our  results  it  is  possible  to  understand  more  about  the  differences  in  the 
Kerr-spectrum  expected  for  different  ferromagnetic  metals. 

First,  the  dependence  on  J  may  be  understood  as  follows.  The  increase  of  J  has  beisi- 
cally  three  effects;  (i)  Starting  with  small  values  of  J  the  difference  of  allowed  majority- 
and  minority-electron  dipole  transitions  at  a  certain  frequency  increases  linearly  in  J ,  see 
illustration  Fig.  5  for  an  atomic  picture.  For  large  J ,  however,  this  difference  saturates, 
since  the  self-consistently  determined  Fermi-level  becomes  pinned  and  moves  rigidly  upon 
further  increase  of  J.  (ii)  As  long  as  the  increase  of  J  and  the  subsequent  self-consistent 
readjustment  of  the  Fermi-level  do  not  cause  bands  to  cross  the  Fermi-energy,  the  overall 
shape  and  peak  structure  of  the  spectrum  remains  unaltered.  As  soon  2is  Fermi-level 
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crossings  occur  (either  gradually  for  relatively  steep  bands  or  more  abruptly  for  rather 
flat  bands),  the  occupation  character  of  the  bands  is  changed.  As  a  consequence,  one 
may  get  drastic  changes  in  the  structure  of  the  Kerr-spectra.  Although  the  value  of  J  in 
ferromagnetic  Fe  is  quite  large  (1.776  eV)  this  possibility  occurs  only  for  energies  larger 
than  7  eV  and  for  a  value  J  =  2^0.  Otherwise  the  features  of  the  spectra  appear  to  be  very 
robust,  (iii)  As  is  shown  in  detail  in  the  Appendix,  the  increase  of  J  leads  also  to  a  small 
shift  of  the  peak  energies  to  larger  values.  The  reason  is  that  the  exchange  splitting  of 
the  d-like  bands  affect  differently  the  s-likeand  sd-hybridized  states  via  sd-hybridization. 


Figure  5:  Illustration  of  the  d- 
band  transitions  in  Fe  in  an 
atomic  picture,  tf,  AN,, 
denote  Fermi-energy,  magnetic 
moment,  number  of  transitions, 
and  difference  of  transitions 
in  minority  and  majority  spin 
bands,  respectively. 


Secondly,  concerning  the  dependence  of  the  spectra  on  spin  — orbit  coupling  one  should 
note  the  following:  The  nonlinear  magneto-optical  Kerr-spectrum  depends  linearly  on 
spin-orbit  coupling.  This  does  not  only  hold  for  our  perturbational  treatment  of  spin-orbit 
interaction,  but  is  also  true  if  this  interaction  is  included  in  the  diagonal  and  off-diagonal 
matrix  elements  of  the  Hamiltonian[S,  6). 

These  general  features  of  the  theory  are  of  interest  for  a  systematic  understanding  of 
the  Kerr-effect  in  the  transition-metal  series  and  will  also  be  useful  for  the  comparison  of 
the  Kerr-spectra  of  Ni  and  Fe. 

Next,  we  compare  the  calculated  nonlinear  magneto-optical  Kerr-spectra  of  Fe  with 
those  obtained  previously  for  Ni.  Of  course,  it  matters  that  the  electronic  structure  of 
bcc-Fe  and  fcc-Ni  are  different.  We  obtain  for  Fe  and  Ni  for  the  structure  at  2  eV  to 
3  eV  a  height  ratio  ^  of  2.5.  Note,  the  height  ratio  is  not  simply  given  by  the  ratio 
of  the  exchange  couplings  (4.5),  or  that  of  the  magnetic  moments  (3.8),  but  also  by  the 
difference  of  spin-orbit  coupling  which  enhances  relatively  the  height  of  the  Ni  spectra 
(-^».o.[f^c]  =  50  meV  and  A,,„,[fVi)  =  70  meV).  The  larger  minima  and  maxima  in  the 
nonlinear  magneto-optical  Kerr-spectrum  of  Fe  compared  with  Ni  result  mainly  for  two 
reasons:  (i)  The  exchange  splitting  is  larger  in  Fe  by  a  factor  of  4.5.  (ii)  The  filling  of  the 
3d  bands  is  different.  Fe  is  much  closer  to  half-filling  which  leads  to  a  larger  number  of 
d-d  transitions.  Furthermore,  the  peaks  and  minima  in  the  optical  region  of  Fe  are  shifted 
to  higher  energies  compared  to  Ni  because  of  the  larger  width  of  the  Fe  d  band.  This 
discussion  shows  how  the  Kerr-spectra  change  from  transition  metal  to  transition  metal. 

Finally,  we  should  remark  on  using  constant  matrix  elements  for  Fe  in  contrast  to  Ni. 
It  is  more  physical  to  perform  the  calculations  for  iron  using  constant  matrix  elements  to 
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obtain  peak  widths  in  accordance  with  the  experinvental  peaks. 

We  use  now  the  previous  general  theoretical  considerations  for  the  compaurison  of  the 
theory  with  the  experiment  of  Reif  et  <if.[3]  .  The  main  experimental  results  obtained  for 
only  one  frequency  (hu  =  2.33  eV)  can  be  summarized  as  follows:  Upon  reversing  the 
direction  of  the  in-plane  surface  magnetization  by  the  external  magnetic  field  a  pronounced 
change  of  4  =  /(M)  -  /(— M)  is  observed,  where  I  refers  to  the  SHG  intensity  and  M 
to  the  in-plane  magnetization  at  the  surface.  Using  /  ~  P  =  and  = 

xliVnmaa.  ±  Xmi»  One  may  rewrite 


^  Xma». 

—  I  -  I  I  ■  .1.  I  —I. 

I  (J) 

'nonraas.  Xkttsmaj. 


Thus,  one  finds  from  experiment  a  value  of  25  %  for  »  .  Also  experiment  supports 
sensitivity  of  the  nonlinear  Kerr-effect  for  surface  magnetization,  since  i  disappears  ex¬ 
ponentially  with  time  and  since  Xn^ma,.  const,  upon  CO-chemisorption. 

Using  our  results  for  Fe  we  find  for 

=  (  #“— )w  •  —  •  £  =  7%  •  2.5  =  17.5%, 

X^onmaff.  Xsonmaj.  PNi 

where  7  %  refers  to  the  corresponding  value  for  Ni[7,  3].  The  surface  sensitivity  of  the 
nonlinear  Kerr-effect  is  in  accordance  with  the  theoretical  prediction  (SHG  occurs  only  for 
a  few  atomic  layers  at  the  surface  where  inversion  symmetry  is  broken).  Finally,  theory 
permits  a  nonlinear  Kerr-effect  in  principle  also  for  coated  surfaces  and  for  interfaces  and. 
furthermore,  does  not  require  saturated  magnetization. 

In  summary,  we  have  presented  a  theory  which  may  be  used  for  a  systematic  under¬ 
standing  of  the  nonlinear  magneto-optical  Kerr-effect  in  transition  metals.  In  particular, 
we  have  given  results  for  the  dependence  of  the  nonlinear  Kerr-spectrum  on  s-  and  d-band 
width,  sd-hybridization,  exchange  interaction,  spin-orbit  coupling,  and  crystal  structure 
(fcc-Ni  vs.  bcc-Fe).  The  theory  is  used  to  analyse  recent  NOLIMOKE  experiments  in  Fe. 
The  theory  may  be  extended  to  thin  films. 
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ABSTRACT 

With  spin  polarized  electron  spectroscopies,  we  have  investigated  ordered  (UI((IOOI) 
films  deposited  on  W(llO).  The  photoemission  features  of  the  gadolinium  5d  siirfan- 
state,  the  4f  levels,  and  the  background  exhibit  considerable  spin  polarization  along  Uic 
same  direction  in  the  plane  of  the  film,  indicative  of  ferroir.zgretif  ronpliiig  brlurni  the 
surface  and  the  bulk.  The  4f  spin  polarized  photoemission  data  provides  strong  rvi<lrnrr 
that  the  surface  4f  polarization  differs  from  the  bulk  4f  polarization  for  Gd(Onill).  Our 
temperature  dependent  measurements  with  spin  polarized  secondary  electron  spectroscopy 
conclusively  establishes  that  the  surface  of  clean  Gd{0001)  possesses  a  perpendicular  po 
larization  component  which  persists  to  an  enhanced  surface  Curie  temperature.  Small 
amounts  of  contamination  at  the  surface  result  in  the  disappearance  of  the  per|>cndicniar 
component  and,  therefore,  a  more  perfect  ferromagnetic  coupling  between  the  surface  and 
the  bulk. 

INTRODUCTION 

The  issues  of  surface  magnetic  anisotropy  and  the  magnetic  coupling  between  the 
surface  and  the  bulk  have  attracted  considerable  attention.  The  Gd(OOOl  )  surface  appears 
to  exhibit  enhanced  magnetic  order,  i.e.,  higher  Curie  temperature  at  the  surface  than 
in  the  bulk  [1].  It  is  seen  to  be  able  to  maintain  an  in-plaiie  remanent  magnetization 
[1,  2,  3, 4J,  although  there  is  indication  that  an  perpendicular  anisotropy  exists  for  nil  rat  hin 
Gd  films[4].  Calculations  [5]  supported  the  altered  exchange  coupling  in  the  surface  layer, 
and  the  postulate  p"*  for'vard  earlier  on  the  basis  of  experiment  (l|  that  the  surface  is 
antiferromagnetically  coupled  with  the  bulk.  In  this  paper,  we  provide  evidence  that 
the  surface  is  not  antiferromagnetically  coupled  with  the  bulk  but  rather  an  imperfect 
ferromagnetic  coupling  exists  between  the  surface  and  the  bulk  as  a  result  of  a  sizable 
perpendicular  polarization  of  the  surface  layer,  consistent  with  earlier  work  j3,  fi,  7].  This 
effect  undoubtedly  results  in  pheno.mena  consistent  with  the  earlier  experiment  |l!  but 
challenges  the  simpler  models  of  perfect  antiferromagnetic  (1,  5]  or  perfect  ferromagnetic 
[8]  coupling  between  the  surface  and  the  bulk. 

Our  recent  photoemission  studies  [9,  10,  11]  of  the  Gd(OOOl)  band  striicltire  have 
demonstrated  the  existence  of  a  surface  state  at  T  consistent  with  the  theoretical  band 
8tructure[5].  The  surface  state  is  well  localized  at  the  surface]!!,  12],  and  is  therefore  a 
unique  probe  of  the  surface  magnetic  order  without  requiring  the  complex  task  of  separat 
ing  surface  and  bulk  signals.  In  addition,  the  temperature  dependence  of  both  the  parallel 
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and  perpendicular  component!  can  be  measured  explicitly. 

EXPERIMENTAL 

The  photoemission  experiments  were  undertaken  at  the  U5  beamline  st  the  Nstional 
Synchrotron  Light  Source  (NSLS).  The  spectra  were  taken  at  low  photon  energies  ( I  v 
43  eV  in  this  work)  using  a  low  energy  spin  polarimeter  (described  in  detail  elsewherej  13, 
14j)  attached  to  a  commercial  angle- resolved  hemispherical  analyzer.  The  light  polarization 
of  the  incident  light  was  perpendicular  to  the  applied  field  and  a  mixture  of  s-  anil  p 
polarized  light  (55°  incidence  angle).  All  photoelectrons  were  collected  normal  to  I  hr 
surface  since  the  Gd  surface  state  is  centered  at  F  (5,  9,  10,  11,  12|.  The  t  omhlnoil 
energy  resolution  of  the  spectra  was  300  meV.  Spin  polarized  secondary  electron  emission 
experiments  were  conducted  in  a  separate  UHV  systemjlSj  equipped  with  two  mrilliim 
energy  retarding  field  Mott  polarimeters  capable  of  measuring  all  three  cotnponmts  of  the 
spin  polarization  vector.  The  secondary  electrons  were  collected  around  normal  emission 
with  the  sample  negatively  biased  at  -30  V.  All  spin  polarization  measurements  were 
performed  on  remanantly  magnetized  samples. 

The  gadolinium  films  were  evaporated  from  a  tungsten  basket,  or  crucible,  at  a  rate 
of  0.5  -  2  A/min.  onto  single  crystal  W(llO),  following  well  established  procedures  that 
are  known  to  give  coherent  ordered  clean  gadolinium  lilms(ll,  16|.  Following  the  deposi 
tion  onto  the  room  temperature  substrate  to  allow  layer-by-layer  growth,  the  films  were 
annealed  at  450-550°C  to  reduce  the  number  of  defects  (17,  18).  The  films  pre|iared  In  I  his 
way  are  flat  and  yield  better  remanent  magnetization,  in  contrast  to  the  "island"  films 
grown  at  the  elevated  temperature  of  450°C.  The  thickness  of  the  films  used  In  this  work 
was  typically  200  -  500  A. 

RESULTS  AND  DISCUSSION 

As  seen  in  Figure  1,  the  5d  surface  state  near  the  Fermi  energy  is  highly  spin  polarized 
as  is  the  photoemission  background  and  the  Gd  4f  levels  for  Gd(OOOl)  films  at  IllOK  (the 
bulk  Curie  temperature  is  293  K).  The  polarization  for  these  films  is  33  to  !i2%  in  the 
plane  of  the  film.  The  polarization  of  both  the  surface  state  near  E/  which  contains 
only  the  surface  contribution  and  the  4f  photoemission  feature  with  strong  contributions 
from  the  gadolinium  bulk  are  nearly  constant  at  around  33%.  The  spin  polarization  of 
the  4f  feature  does  not  change  much  (±10%)  with  photon  energy  of  43  100  cV,  while 

the  surface  sensitivity  changes  because  the  electron  mean  free  path  changes  with  electron 
kinetic  energy.  These  facts  exclude  any  possibility  that  the  surface  is  antirerrnmagnetirally 
coupled  to  the  bulk.  These  results  we  consistent  with  the  previously  reported  results  from 
spin  polarized  photoemission  of  the  shallow  4f  gadolinium  core  levels  and  the  spin  polarized 
secondary  electrons[3,  7|. 

The  “in  plane”  4f  spin-polarized  spectra  for  clean,  well  ordered  gadolinium  films  have  a 
maximum  for  the  spin  minority  peak  at  a  binding  energy  300  to  400  meV  greater  than  that 
of  the  spin  majority  peak  for  gadolinium  films  at  lOOK  (as  seen  in  Fig.  1  &  2).  This  binding 
energy  difference  diminishes  with  the  adsorption  of  a  very  small  amount  of  contamination 
as  seen  in  Fig.  2.  Continued  adsorption  of  contamination  leads  to  a  decrease  in  t  he  net 
polarization  and  a  diminution  of  the  surface  state  intensity. 

It  has  been  well  established  that  there  exists  a  surface  to  bulk  core  level  shift  for 
gadolinium|19,  20].  For  the  4f  photoemission  feature  the  surface  component  has  a  binding 
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Fig.  1.  The  spin  poleu:- 
ized  photoemission  spectra  for 
a  SOOAthick  gadolinium  film  on 
W^llO)  at  lOOK.  The  spin  ma¬ 
jority  signal  (A)  and  spin  minor¬ 
ity  sign^  (y)  were  measured  ip. 
the  plane  of  the  film.  The  pho¬ 
ton  energy  is  43  eV  and  the  pho¬ 
toelectrons  were  collected  nor¬ 
mal  to  the  film  so  the  surface 
state  near  Ef  (200  meV  bind¬ 
ing  energy)  can  be  distinguished 
from  the  bulk  Gd  bands  (1  - 
4  eV  binding  energy).  The  in¬ 
sert  shows  the  spin  integrated  Gd 
photoemission  spectrum. 


•ucftce  bulk 


Binding  Energy  (eV) 


Fig.  2.  The  in-plane  spin  po¬ 
larized  photoemission  spectra  for 
a  SOOAthick  gadolinium  film  on 
W(llO)  at  lOOK  across  the  Gd 
4f  levels.  At  top  are  shown  the 
spectra  of  the  freshly  deposited 
film  and  below  following  expo¬ 
sure  to  a  small  amount  of  con¬ 
tamination.  Spin  majority  (A) 
and  spin  minority  (y)  are  indi¬ 
cated,  the  photon  energy  is  43 
eV.  The  insert  shows  the  differ¬ 
ent  Gd  4f  phc  '^•emission  spec¬ 
tra  for  an  one  monolayer  and  a 
ten  monolayer  film  illuminating 
the  different  surface  (one  mono- 
layer,  •-•)  and  bulk  (the  differ¬ 
ence  spectrum,  *  -•;  contribu¬ 
tions  to  the  Gd  film  (this  time 
deposited  on  Cu(lOO)).  Data  for 
the  insert  is  described  in  Ref.  16 
and  taken  with  a  photon  energy 
of  40  eV. 
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Figure  3;  Temperature  dependence  of  the  spin  polarization  of  2  eV  secondary  elec  ) runs 
from  a  400  AGd(OOOl)  film  grown  at  300K  annealed  to  825K  for  3.5  mimiles.  I , .  and  T.i, 
indicate  the  surface  and  bulk  magnetic  ordering  temperatures,  respectively. 

energy  at  least  0.37±0.02  eV  greater  than  the  bulk[19J.  The  different  surface  layer  and 
bulk  contributions  to  the  Gd  4f  photoemission  signal  can  be  easily  seen  from  I  he  difference 
spectrum  between  the  spectrum  obtained  for  a  1  monolayer  films  and  the  spectra  obtained 
for  thicker  gsuiolinium  films  as  seen  in  insert  to  Fig.  2.  As  can  be  seen  from  the  iinsert  to  Pig. 
2,  the  intensity  and  binding  energy  of  the  surface  (1  monolayer  film)  contribiition  to  the  If 
levels  closely  resembles  the  intensity  and  peak  position  of  the  spin  minority  cont  rihution  to 
the  spin  resolved  photoemission  spectra  for  gadolinium  films  at  lOOK  (T/T,  =0.31).  VVhdc 
the  level  of  polarization  (>30%)  and  the  spin  majority  polarization  of  the  siirfacc  state 
excludes  antiferromagnetic  coupling  between  the  surface  and  the  bulk  as  noted  above, 
this  apparently  slightly  greater  binding  energy  of  the  in-plane  spin  minority  gadolinium 
4f  peak  indicates  that,  for  the  films  that  are  free  of  contaminations,  the  surface  is  slightly 
less  polarized  in  the  plane  of  the  film  when  compared  to  the  bulk.  The  Cd  4f  muiiient  may 
be  safely  assumed  to  be  the  same  for  the  surface  and  the  bulk  as  they  are  large  localized 
moments  [5]  Our  results,  therefore,  suggest  that  there  exists  a  surface  magnetic  moment 
component  normal  to  the  surface. 

The  existence  of  a  perpendicular  component  in  the  surface  magnetization  is  clearly 
shown  in  the  temperature  dependent  secondary  electron  polarization  date  in  l''ig.  3.  The 
secondary  electrons  are  highly  polarized  due  to  significant  contributions  from  t  he  4f  core 
electrons[3,  7],  and  clearly  show  both  perpendicular  and  in-plane  polarization.  Since  the 
perpendicular  component  persists  to  a  critical  temperature  well  above  (~-  411  K)  the  hidk 
Curie  temperature  (Tcb),  if  cut  only  be  identified  with  the  surface  polarization,  as  is  the 
non-vanishing  in-plane  component  above  Tcb-  The  complete  insensitivity  of  the  perpen¬ 
dicular  magnetization  to  the  bulk  magnetic  transition  suggests  that  the  Gd{000l)  surface 
behaves  as  an  independent  magnetic  entity.  We  further  note  that,  as  best  revealed  in 
the  perpendicular  component,  the  surface  magnetic  transition  is  extremely  abrupt,  rem¬ 
iniscent  of  a  two-dimensional  system  or  possibly  even  a  first  order  phase  transitionj2l  |. 
It  is  important  to  stress,  however,  that  in  the  present  experiment  the  sample  was  left 
in  its  remanent  state  throughout  the  entire  temperature  sweeo,  whereas  in  the  previous 
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SPLEED[ll  experiment  the  sample  was  remagnetized  at  each  temperature  slrp.  There 
fore,  the  present  data  contains,  in  the  sign  of  the  polarization,  the  added  in  for  iii  a  I  ion  on 
the  relative  directions  of  the  in-plane  polarizations  above  and  below  T(  h-  1  he  lark  of  a 
sign  reversal  on  going  through  Ten  shows  that  the  tn-plane  surface  and  bulk  momrnis  are 
ferromagnetically  coupled. 

The  presence  of  a  normal  component  of  the  surface  magnetization  are  suhstantiallv 
altered  by  contamination.  Very  small  amounts  of  contamination  result  in  a  rediirlioii  of 
the  out  of  plane  component  of  magnetization  in  the  surface.  As  seen  in  Fig.  2,  the  hiiidiiig 
energies  for  the  spin  minority  and  spin  majority  contributions  to  the  Gd  4C  signal  iliffpr  by 
350±50  meV  for  a  clean  Gd  film  but  differ  by  less  than  100  meV  following  the  adsorption  of 
contamination.  We  noted  that  the  surface  state  still  exists  with  the  level  of  contaniination 
that  results  in  near  perfect  ferromagnetic  ordering.  So  this  perpendicular  component  of 
the  magnetization  at  the  surface  is  more  sensitive  to  surface  conditions  than  I  he  surface 
state. 

CONCLUSION 

With  spin-polarized  spectroscopies,  we  have  shown  that  the  .Sd  surface  state  near  F,;  is 
a  magnetic  surface  state.  The  surface  magnetization  of  clean  Gd(OOIII)  is  canted  out  of  the 
plane,  with  its  in-plane  component  ferromagnetically  coupled  with  the  bulk  niagneliration. 
The  existence  of  a  perpendicular  component  in  the  surface  magnetization  indicates  an 
altered  surface-bulk  coupling  and  possibly  a  strong  surface  anisotropy. 
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ABSTRACT 

We  have  characterized  magnetization  loops  of  epitaxially  grown  Gd(OOOl) 
films  on  W(llO)  in  the  temperature  range  I45^T^300K.  This  was  accomplished 
by  measuring  magneto-optical  Kerr  loops  in  UHV,  in  the  transverse  geometry, 
using  a  2x10  *  deg  sensitivity  differential  detector  and  He-Ne  laser  light. 

Films  grown  in  the  Stranski-Krastanov  (SK)  mode  (growth  temperature  400“C) 
and  films  grown  in  a  Frank- van-der-Merwe  (FM)  like  mode  (growth  temperature 
20“C)  behave  significantly  differently.  While  the  room  temperature  grown  films 
(FM)  show  square  hysteresis  behavior  only  after  an  annealing  cycle  to  at  least 
300®C,  the  higher  growth  temperature  (SK)  leads  to  highly  remanent  films  in  the 
as  grown  state. 

The  hysteresis  behavior  of  these  films  is  most  important  in  conjunction  with 
recently  reported  spin-polarized  photoemission  results,  which  showed  that  the 
growth  temperature  and  therefore  the  film  morphology  has  a  strong  influence  on 
the  surface  magnetic  reconstruction  of  Gd(OOOl)  [1]. 


1.  INTRODUCTION 

Gd  is  a  simple  ferromagnet  with  localized  magnetic  (4f)  moments  and  a 
relatively  high  Curie  temperature  of  ~293K.  This  has  made  it  an  ideal  model 
system  for  the  investigation  of  bulk  Heisenberg  magnetism.  Temperature  dependent 
magnetization  and  coercivity  properties  of  bulk  Gd  specimens  can  be  found  in  the 
work  of  Belov  et  al.  [2].  Gd  thin  films  have  become  of  particular  interest,  as  they 
revealed  new  surface  magnetism  phenomena  which  had  been  predicted  in  theory 
in  1971  [3]  and  have  recently  been  confirmed  in  several  experiments.  In  1983, 
Rau  et  al.  [4,  5]  reported  an  enhanced  surface  Curie  temperature  on 
polycrystalline  Gd  films  as  revealed  by  electron  capture  spectroscopy.  In  1985, 
Weller  et  al.  demonstrated  by  spin-polarized  low-energy  electron  diffraction 
(SPLEED)  remanent,  ferromagnetic  Gd(OOOl)  films  on  W(llO)  [6]  with  a  surface 
Curie  temperature  of  T(-s“315K,  22K  above  T^-g  =  293K  and  proposed  AF 
surface  coupling  J,,  basecTon  the  observation  of  a  compensation  feature  in  both 
temperature  dependent  SPLEED  and  low  temperature  4f-photoemission  data  [7]. 
In  1991,  Wu  et  al.  [8]  confirmed  the  possibility  of  AF  surface  coupling  in  FLAPW 
ab-initio  bandstructure  calculations.  This  work  also  gave  theoretical  support  to  the 
existence  of  a  localized  5d  surface  state,  which  had  been  previously  observed  by 
Li  et  al.  in  photoemission  experiments  [9-11].  In  1992,  Mulhollan  et  al.  [12] 
claimed  that  the  surface  magnetic  coupling  in  Gd  was  purely  ferromagnetic; 
however  they  reported  a  much  reduced  spin-polarization  of  only  ~50®/o  at  lOOK. 
Tang  et  al.  [13]  had  earlier  reported  50%  spin-polarization  at  150K  and 
subsequently  showed  that  clean  Gd(OOOl)  surfaces  can  exhibit  the  phenomenon 
of  surface  spin  canting  by  direct  observation  of  an  out-of-plane  spin-polarization 
in  resonant  spin-resolved  4f-photoemission  and  spin-polarized  secondary  electron 
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spectroscopy  [1,  13,  14].  The  latter  result  was  confirmed  by  Li  et  al.  [15,  16], 
who  also  pointed  out  the  sensitivity  to  surface  contamination.  Etespite  the  ongoing 
interest  in  surface  magnetic  properties  of  epitaxial  Gd(OOOl)  films,  relatively  little 
work  has  been  devoted  to  the  study  of  bulk  properties,  and  in  panicular  the 
hysteresis  properties  of  Gd(OOOl)  films,  which  provide  the  basis  for  the 
interpretation  of  photoemission  or  other  (low  energy)  electron  spectroscopic  data. 
The  bulk  Curie  temperature  was  previously  measured  using  in-situ  MOKE 
[7,  17]  and  the  magnetization  reversal  in  Gd(OOOl)  has  just  recently  been 
discussed  on  the  basis  of  biased  initial  susceptibility  and  MOKE  butterfly  loops 
in  UHV,  however,  at  low  temperature  only  [18].  Farle  et  al.  finally  discussed  in 
detail  the  dependence  of  the  Curie  temperature  on  both  the  Gd  film  thickness  and 
the  film  deposition  conditions  [19]. 

Here  we  report  bulk  properties  of  the  same  films  which  showed  the  spin-canting 
phenomenon  discussed  first  by  Tang  et  al.  [1],  using  a  high  sensitivity  in-situ 
MOKE  apparatus.  In  particular,  we  discuss  the  preparation  sensitivity  of  the 
hysteresis  properties  and  report  an  interesting  feature  in  the  temperature  dependent 
coercivity  measurements  near  T^,  which  we  interpret  in  conjunction  with  the 
surface  spin  orientation  of  these  films. 

2.  EXPERIMENTAL 

Gd(OOOl)  films  of  300-400  A  thickness  were  deposited  in  ultra-high  vacuum 
(UHV)  on  W(1 10)  substrates,  which  were  kept  either  at  300K  to  promote  coherent, 
layer-by-layer  film  growth  or  at  725K  to  induce  Stranski-Krastanov  (SK)  type 
growth  (see  [6,  17]).  We  have  consistently  used  growth  rates  of  ~0.7A/sec,  which 
resulted  in  a  pressure  increase  from  2x10''“  to  ~  1  x  10'*  Torr  during  film 
growth.  The  films  deposited  at  300K  were  subsequently  annealed  at  650K  or 
higher  for  ~3min.  LEED  patterns  of  such  thick  films  arc  only  observed  after 
annealing.  They  reveal  the  typical  hexagonal  basal-plane  structure  of  Gd(OOOl) 
films  as  reported  before  [17,  20].  Only  films  of  at  least  300A  thickness  were 
investigated  in  order  to  avoid 


Fig.l:  Transverse  Kerr  arrangement  used  in  the  present  experiment.  The  sample  was 
placed  near  the  top  of  a  single  UHV  compatible  magnetic  field  coil,  which  provided 
fields  up  to  ±210  Oe. 

the  coalescense  regime  in  SK  type  films,  which  is  between  50  and  100  A  [6,  17]. 
Thinner  films  and  films  grown  at  lower  growth  rates  can  have  significantly 
different  properties,  especially  with  respect  to  their  morphology  and  surface 
topography  (roughness).  Furthermore,  the  films  were  kept  in  an  in-plane  magnetic 
field  of  ~100  Oe  during  cooling  from  the  deposition/annealing  temperature  down 
to  the  measurement  temperatures.  This  procedure  also  reportedly  has  a  significant 
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influence  on  the  surface  magnetic  properties  [21].  Details  of  the  apparatus  for 
UHV  growth  and  characteruation  have  been  published  elsewhere. [1,  14] 

The  in-situ  MOKE  apparatus  is  shown  schematically  in  Fig.l.  We  use  the 
transverse  geometry,  with  the  magnetic  field  axis  perpendicular  to  the  plane  of 
incidence  of  the  linearly  polarized  He-Ne  laser  light  beam.  The  polarization  change 
occurring  upon  reflection  from  the  sample  is  transferred  into  a  net  rotation  using 
a  Wollaston  prism  and  two  silicon  photodiodes.  A  low  noise  difference  and  sum 
amplifier  yields  the  output  signal  (/,  -  /2)/(/,  +  h),  which  is  subsequently  converted 
into  the  Kerr  signal,  using  a  calibration  constant  determined  from  the  angular 
sensitivity  of  the  system  in  the  linear  regime  around  the  1]  =  I2  setting.  A  slope  of 
0.35V/deg  was  found  in  a  range  of  <D  ~  ±  5  deg  and  with  an  electronic  noise  floor 
of  :S0.1mV  we  obtained  a  maximum  sensitivity  of  0.2mdeg  in  Kerr  rotation.  Note 
that  the  Kerr  effect  at  the  present  wavelength  of  633nm  has  a  probing  depth  of 
~500A  and  that  therefore  the  whole  sample  volume  within  the  laser  spot  size  of 
~  Imm^  is  being  probed. 

3.  RESULTS  AND  DISCUSSION 


Fig.  2  shows  the  result  of  an  annealing  study  of  a  300A  thick  Gd(OOOI)  film 
which  was  grown  at  room  temperature  (FM  mode). 
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Fig.  2:  Transverse  Kerr 
loops,  measured  in 
UHV  on  a  300A  thick 
Gtl(0001)  film,  which 
was  subjected  to  three 
different 

annealing/cooling 
cycles  as  indicated  in 
the  figure.  Annealing 
to  at  least  670K 
produces  "square" 
loops  with  high  (100%) 
remanence. 


The  measurements  were  carried  out  at  a  temperature  of  200K  after  the  initial 
deposition  and  subsequently  after  each  annealing  cycle  to  temperatures  of  460K, 
570K  and  670K,  respectively,  at  which  the  sample  was  kept  for  3min  each  time. 
Evidently,  the  as  prepared  film  cannot  be  magnetized  with  the  available  field  of 
±210Oe  and  only  the  reversible  initial  susceptibility  is  observed.  The  loops  become 
hysteretic  after  the  460K  anneal  although  they  still  cannot  be  saturated.  Further 
anneal  decreases  the  coerciviiy,  increases  the  squareness  and  reduces  the 
paramagnetic  slope,  clearly  visible  in  all  but  the  670K  case.  Annealing  to  670K 
finally  results  in  a  loop,  which  is  indicative  of  single  domain  behavior  with 
essentially  100%  remanence. 

In  Fig.  3,  we  compare  loops  obtained  on  two  films  of  400A  thickness  grown 
under  different  conditions.  The  top  part  of  the  figure  (a  &  b)  shows  results  for 
a  FM  type  film  grown  at  room  temperature  and  post-annealed  in  UHV  for  3min 
at  825K  (550°C).  The  film  was  cooled  in  the  presence  of  an  in-plane  field  of 
~1000e  to  the  first  measurement  temperature  of  ~150K  and  Kerr  loops  were 
taken  while  stepping  the  temperature  up  to  above  room  temperature  (~310K). 
Representative  loops  are  shown  for  T  =  182K  and  288K.  The  main  observation  is 
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that  these  films  show  essentially  square  loops  with  high  remanence  even  close  to 
the  Curie  temperature  T^-g  =293K,  A  similar  procedure  was  used  for  a  film  grown 
at  an  elevated  substrate  'temperature  of  675K  (400°C),  which  results  in  the  well 
known  SK  growth  mode.  Subsequent  cooling  again  was  carried  out  in  the  presence 
of  a  lOOOe  in-plane  field.  The  low  temperature  loop  (c)  looks  similar  to  the  one 
discussed  above  (a),  only  the  coercivity  is  somewhat  smaller,  20Oe  for  the  SK  film 
as  opposed  to  280e  for  the  FM  type  film.  More  drastic  differences  are  apparent 
near  the  Curie  point  (d).  A  distinct  slope  is  observed,  suggestive  of  paramagnetic 
or  hard  axis  behavior.  The  remanence  is  reduced  by  at  least  40%  of  its  saturation 
value.  (The  maximum  available  field,  210  Oe,  was  insufficient  to  yield  complete 
saturation.)  Lastly,  in  this  temperature  range  the  coercivity  is  now  larger  for  the 
SK  film  than  for  the  FM  film.  The  differences  between  SK  and  FM  films  become 
clearer  if  we  compare  temperature  dependences. 


Fig.  3:  Transverse  Kerr 
loops  of  400A  thick 
Gd(0001)  films  grown 
under  different 

condition  and  at  two 
temperatures  far  below 
Tp  and  near  T^:  (a) 
FM  film  at  T=  I82K, 

(b)  same  film  at  288K. 

(c)  SK  type  film  at 
I84K  and  (d)  same  film 
at  288K.  Note  the 
differences  especially  at 
288K. 


Fig.  4  shows  a  comparison  of  the  remanent  Kerr  rotations  (Mr)  and  Fig. 
5  a  comparison  of  the  coercivities  (He)  of  the  SK  and  FM  films.  In  both  cases 
we  have  fitted  the  low  temperature  regime  (0-»225K)  to  a  T’  ^  law,  according  to 


A/«(D  =  iWo(i -cry)  (1) 

and 

Hc(T)  =  Hc.o{i  -cA)  (2) 

respectively. 

The  fit  parameters  C,  Mq  and  Hpo  ate  indicated  in  the  figures.  Note  that  C  is 
essentially  equal  (a)  for  both  the  Kerr  signal  and  the  coercivity  measurements  and 
(b)  for  both  types  of  films  (SK  and  FM).  The  main  differences  in  the  films  are 
the  extrapolated  OK  values  Mq  and  Hj-q  and  especially  the  coercivity  behavior 
around  T^.  We  do  not  attach  any  particular  physical  meaning  to  the  slightly 
reduced  Mg  in  the  case  of  the  annealed  film:  a  thickness  difference,  the  different 
film  morphology  etc.  could  cause  this  effect.  On  the  other  hand,  the  drastic 
differences  near  the  Curie  temperature  certainly  deserve  attention. 

The  phenomena  of  dramatically  increased  coercivity,  reduced  remanence 
and  loss  of  squareness  of  the  SK  film  loops,  relative  to  those  of  the  FM  films 
within  ~10  K  below  T^-g,  clearly  point  to  a  fundamental  change  in  the 
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magnetization  reversal  process.  We  believe  that  these  differences  are  related  to  the 
degree  of  surface  roughness  of  the  two  film  types,  and  propose  the  following 
explanation,  based  on  our  previously  reported  experimental  findings  [1]  of  (i)  an 
out-of-plane  surface  magnetization  component,  (ii)  a  strongly  enhanced  surface 
Curie  temperature  and  (iii)  ferromagnetic  coupling  to  the  subsurface  layers.  We 
assume,  in  addition,  that  the  300-400A  thick  SK  type  Gd  films  have  greater 
surface  roughness  than  the  corresponding  FM  flints.  (This  is  reasonable,  although 
we  haven't  carried  out  surface  characterization,  e.g.  with  in-situ  STM,  which  could 
proof  this  point.)  Briefly,  we  suggest  that  the  combination  of  roughness  and 
enhanced  perpendicular  surface  magnetization  leads  to  an  inhomogeneous 
out-of-plane  moment. 
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Fig.  4;  Temperature  dependent 
Kerr  signals  of  the  FM  and  SK 
type  films  discussed  in  Fig.  3.  The 
low  temperature  regime  can  be 
fitted  to  a  T^'^  law  according  to 
eq.(l).  The  parameters  C  and  Mq 
are  indicated  in  the  figure. 


Fig.  5:  Temperature  dependent 
coercivity  of  the  FM  and  SK  type 
films  discussed  in  Fig.  3.  The  low 
temperature  regime  can  be  fitted 
to  a  T’'^  law  according  to  eq.(2). 
The  parameters  C  and  are 
indicated  in  the  figure. 


To  elaborate  on  this  picture,  recall  that  surface  roughness  in  general  leads  to  a 
reduction  of  the  in-plane  dipolar  (shape)  anisotropy  near  the  surface  of  a  (thick) 
film  [22].  Thus  an  out-of-plane  contribution,  i.e.  that  due  to  the  modified 
electronic  structure  of  the  Gd  surface  with  respect  to  the  bulk,  becomes  an 
important  consideration  in  the  energy  balance.  At  temperatures  well  below  T^-g, 
where  the  bulk  magnetization  is  large,  the  shape  anisotropy  will  dominate  to 
maintain  in-plane  alignment.  Near  the  Curie  temperature,  the  bulk  magnetization 
is  reduced,  and  now  the  enhanced  surface  component  dominates  to  yield  an 
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out-of-plane  component  extending  further  away  from  the  surface.  This  may  be 
viewed  as  a  90  degree  domain  wall  parallel  to  the  film  plane  and  is  sometimes 
referred  to  as  perpendicular  surface  pinning  of  the  magnetization.  Analogous 
behaviour  e.g.  is  found  in  the  the  case  of  perpendicular  magnetic  anisotropy 
induced  by  interface/surface  anisotropy  in  ultrathin  films  and  multilayers.  In  the 
absence  of  roughness  the  shape  anisotropy  is  not  reduced  and  the  energy  balance 
will  shift  towards  in-plane  alignment.  Moreover,  the  magnetization  near  a  smooth 
surface  is  expected  to  be  more  homogeneous,  so  that  coherent  rotation  about  the 
surface  normal  can  be  achieved  with  minimal  cost  in  anisotropy  and  e.xchange 
energy. 

This  effect  of  spin-reorientation  as  the  temperature  is  swept  through  the  bulk  Curie 
temperature  is  reflected  in  the  hysteresis  properties:  as  the  magnetization  rotates 
increasingly  out  of  the  plane,  the  in-plane  remanence  is  reduced;  the  squareness 
of  the  loop  is  destroyed  as  the  applied  field  competes  with  the  net  out-of-plane 
anisotropy;  and  the  coercivity  increases  as  the  inhomogeneous  surface 
magnetization  pins  that  of  the  bulk.  These  are  the  phenonema  demonstated  in  Fig. 
3(d). 

4.  CONCLUSIONS 

We  have  measured  in  UHV  Kerr  loops  of  epitaxial  Gd(OOOl)  films  grown 
on  W(IIO)  substrates  in  two  deposition  modes,  the  continuous  Frank-van-der 
Merwe  (FM)  type  mode  and  the  more  cluster  like  Stranski-Krastanov  (SK)  type. 
For  films  grown  at  low  temperature  (FM),  only  post  annealing  to  at  least  670K 
establishes  rectangular  magnetization  loops  with  high  remanence.  In  contrast,  films 
grown  at  675K  do  show  this  type  of  loop  in  the  as-grown  state.  Significant 
differences  in  the  temperature  dependences  of  the  two  types  of  film  are  observed. 
The  appearance  of  a  coercivity  peak  near  the  Curie  temperature  in  the  SK  film 
has  been  related  to  the  recently  observed  phenomenon  of  surface  spin-canting  in 
these  films  [1]. 
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MODIFICATION  OF  MAGNETIC  COUPLING  IN 
ANTIFERROMAGNETICALLY  COUPLED  BILAYERS  DUE  TO  THE 
EXISTENCE  OF  FERROMAGNETIC  PIN  HOLES. 

J.F.  BOBO,  H.  FISCHER  AND  M.  PiECUCH 

Laboratoire  mixte  CNRS  St  Gobain  BP  104  54704  Pont  a  Mousson  Cedex  France. 
ABSTRACT 

We  have  calculated  numerical  simulations  and  analytical  solutions  of  the  influence  of  a  pin 
hole  on  the  magnetization  curves  of  multilayer  systems.  The  magnetization  curves  we  obtained 
can  be  described  by  a  biquadratic  coupling  model  and  are  close  to  the  experimental  curves. 

INTRODUCTION 

The  growing  interest  in  magnetic  coupling  between  magnetic  layers  through  non  magnetic 
spacers  has  led  in  the  recent  years  to  several  unexpected  discoveries  like  giant 
magnetoresistance  effect  (1,2)  and  biquadratic  coupling  13,4|.  The  question  of  the  origin  of 
this  biquadratic  coupling  remains  an  open  question.  Several  successful  explanations  have  been 
propo.sed  for  this  biquadratic  coupling  like  interface  defect  |5|  or  intrinsic  band  structure  effect 
|6,7|.  More  recently  following  the  initial  remark  by  Parkin  18)  some  groups  have  observed  by 
transmission  electron  microscopy  19,1()|  the  existence  of  partial  contact  between  successive 
magnetic  layers,  the  so  called  "pin  holes".  However  a  detailed  study  of  the  magnetic  behavior 
of  multilayers  or  bilayers  with  this  kind  of  defects  is  actually  lacking,  this  ts  the  purpose  of  this 
paper  where  we  investigate  the  magnetic  properties  of  bilayers  with  pin  holes. 

FORMULATION  OF  THE  PROBLEM 

The  system  we  studied  is  a  trilayer  consisting  of  two  magnetic  layers  of  thickness  t^^^ 
separated  by  a  non  magnetic  layer  of  thickness  tjjjjj.  We  have  consideied  that  the  magnetization 
is  the  same  at  each  z  inside  the  ferromagnetic  layers  and  that  the  pinholes  are  not  able  to  give  a 
perpendicular  component  of  the  magnetization  and  then.that  the  field  is  in  the  plane  ol  the 
layers.  0.  and  are  the  angles  of  the  magnetizations  in  the  two  magnetic  layers  with  respect 
to  H  On  plane  applied  field).  Since  the  solution  is  inhomogeneous.  0|  and  0,  are  function 
of  r,  tne  position  in  the  plane  of  the  layer . 

The  magnetic  energy  in  each  layer  is  the  sum  of  the  Zeeman  energy  and  of  the  exchange 
energy  (We  have  neglected  the  anisotropy  energy).  The  next  term  is  the  coupling  energy 
between  the  two  layers.  At  a  particular  point  r.  the  sum  of  these  energies  can  be  written: 

E(r)  =  Atj^(V0|)‘  +  Atj^fVGj)-  -  H(cos0,(r)  +  cosG^CD)  -  J(r)  coslGjlD-G^lr))  (la) 

A  is  the  usual  exchange  stiffness  parameter,  H=  H  M^t  ,  H,  is  the  external  applied 
field,  is  the  saturation  magnetization  (per  unit  volunW)  ana  J(r)  tne  value  of  the  magnetic 
coupling  between  the  two  layers  at  r,  J(r)  =  -J- (intrinsic  antiferromagnetic  coupling)  at  the 
normal  sites  and  J(r)  =  at  the  pinholes  (Jj^  =  -A/t  ).  We  assume  a  symmetric  solution  for 
the  two  layers  0|  =  -Gj  =  0.  Then,  the  total  energy  of  the  system  can  be  written  as; 

E=  2j(At|j^(V0)^  -J(r) cos’0(r)-Hcos0(r))d^r  (lb) 


The  demagnetizing  and  field  energy  inside  the  pinhole  have  been  neglected  and  then 
equation  ( Ib)  is  strictly  valid  for  a  vanishing  concentration  of  pinholes  (but.  since  the  exchange 
is  strong,  this  approximation  is  relatively  good). 

Equation  (lb)  is  difficult  to  solve  and  we  have  slightly  modified  the  problem.  We  have 
assumed  point  like  pin  holes,  writing; 
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Where  5(r-rjj)  is  ihe  Dirac  della  funcliori  and  r^  is  (he  size  of  the  pinhole  This  esp'-ession 
for  the  coupling  constant  leads  to  nearly  the  same  energy  integral  as  the  initial  one  The 
minimization  of  E  with  this  expression  for  the  coupling  constant  gives  the  Euler  equation  : 

2Atjj|V‘0(r)  =  ■2J'  sin0(r)cose(r)+  Hsin8(r)  (3a) 

With  the  limiting  conditions  at  each  pinhole; 

-2J|^  ^  eos6^sin8j^+  HsinBj^  =  0  (3b) 

J 

V0(rj|)i  is  the  value  of  the  gradient  in  the  hj  direction  and  J  j  =  rj^.  N’eiir  (he  pinhole  the 
gradient  olr0  is  not  a  continuous  function. 

The  rest  of  the  paper  will  be  divided  in  two  fUrls.  in  the  first  pan  we  have  derived  an 
analytical  solution  for  a  simplified  version  of  the  problem  to  give  some  physical  insight  of  the 
phenomena  and  in  the  second  pan  we  have  solved  the  problem  by  numerical  simulations  on  a 
discrete  lattice. 

ANALVTICAL  SOLUTION 

In  I  dimension  (and  with  a  regular  lattice  of  linear  pinholes  distant  of  d  from  each  otheri.  a 
first  integral  of  the  Euler  ei|uaiion  (.3a)  is  immediately  obtained; 

s  d0  2  1, 

'T*dx*  +  cos"0  ^hcosb  =  C  (4a) 

C  At  VJ 

Here:  1?  =  and  h=  (4b) 

■’i  '•’i 

1-  is  the  length  scale  of  the  problem.  C  is  a  constant  (C<1).  C  =  cos'0||j  •  2hcos0|||,  if 
cos0^  is  the  mininuim  value  of  cos0  where  the  derivative  of  0  is  zero.  The  solution  of  (4)  is : 


CO.S0  : 


(l-ab)dn(y)  +  ( l-t^b)V  l  -p 
(l+ab)dn(y)  +  (l-ab)V"l-p 


t3a) 


dn  is  the  delta  amplitude  Jacobian  elliptic  function  of  parameter  p  = 


21; 


j4^ 

(a+b)' 


y  =  -j-  "  and  h  =  - - . - . 

"  Vd+cr-h-eVn-oV 


(.-^b) 


2  I  +  c  ■  h 
a  =  —  ---  .  ,  b" 
1  -  c  +  h 


^  and  c’=  h'Vc  =  (cos0,„  hr 


(3c) 


Equation  (3b)  is  used  for  the  determination  of  the  remaining  constant  c  (or  C).  this  gives 
(with  the  use  of  (4a)); 


7  7  . 


c“  =  (cos0j^-h)^  -  X~  sin‘0jj(cos0|^  +h  ||)‘ 


(6a) 
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v  ilh  X  = 


_  ■'h'h 

i„ "  2li- 


2At 
I  = 

' "  ^hJh 


and  h,  =  h  I  =  (ill 
■’h 


(fib) 


cos0|^  is  the  value  of  cosQ  at  the  pinhole.  The  true  solution  of  the  problem  is  the  solution  of 
(6a)  which  has  the  lowest  energy.  One  may  write  the  energy  per  unit  surface  e  as  : 

e  =  (l-cc)e,  +(.-.e„  (7a) 

layer  h  pin 

(7h) 


pin 


(  2(J|^-J|)cos"6^  i-  HJ|hcosO|^  2J-(') 


e.  ,  -  4J- (<M'>  -  2h<M>)  -  2J,cos“0  +4J,hcosB 
Luyer  1  1  fH  1  n 


(7c) 


C|j  is  the  concentration  of  pinholes,  c.  =r|j/d.  Formula  7(1  clearly  shows  the  physics  of  the 
calculations:  we  have  the  energy  of  the  magnetic  mon  miu  in  ihe  field,  -4J|h<M>.  the 
antiferroniagnetic  coupling  energy,  and  the  energy  difference  between  the  existing 

solution  and  a  constant  solution  corresponding  to  the  maxini'mi  angle  \e  =  2)^  (<M'> 
cos“6^^)  -  4Jjh(<M>  -  eos9^^^  )  which  is  the  exchange  energy  in  the  layers. 


Ftjuation  (6a)  always  has  two  basic  solutions: 

a)  c  =  1-h,  which  gives  p  =  0  and  dn(y)=l  for  all  y.  (cosOj^  =  cos0  =1).  This  is  the 
ferromagnetic  solution  of  energy: 

e  =  2J,(l-cV  -2i,Ch  -4.-ih  (X) 

b)  c=0,  which  gives  p  =  1  and  is  given  by; 


(cos0|^-h)‘  -  X"  .siir0|^(cos0|j  +ah)“  =  0 


(■') 


This  solution  corresponds  to  inriniiely  separated  pinholes  for  which  cosO^^^  =  h.  In  this  case 
COS0  is  expressed  simply  in  terms  of  hyperbolic  functions. 
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These  solutions  can  be  compared  for  h=0.  In  that  case,  equation  (9)  has  two  solutions  (if  h 
is  not  zero,  equation  (9)  has  only  one  solution).  These  solutions  are  either  cosO^^  =  0  or  sindj^ 
=  1/X.  The  first  solution  gives  e=()  (this  is  the  nonnal  aniifcrromagnetic  solution)  The  energy 
of  the  other  solution  can  also  be  calculated  analytically  and  one  may  derive  the  concentration  of 
pinholes  where  the  various  solutions  are  stable.  Then,  one  obtatns  a  phase  di.igram  between  J| 
and  C|^  at  h=0  for  the  stability  of  these  three  phases  if  the  size  of  the  pinholes  and  the  different 
thicknesses  are  fixed  (we  have  five  parameters  for  the  problem  but  only  three  are  unknow  n.  J' 
the  intrinsic  antiferromagnetic  coupling.  Cj^he  concentration  of  pinholes  and  r^j  their  size) 
Such  a  diagram  is  depicted  in  figure  1.  This  diagram  is  a  good  starling  point  for  the 
understanding  of  the  solutions  under  field.  The  situation  is  trivial  if  the  ferromagnetic  solution 
is  stable  (low  J-  or  high  Cu)  since  in  that  case  the  ferromagnetic  .solution  is  obviously  the  most 
stable  also  under  applied  field.  The  situation  is  also  relatively  simple  in  the  case  when  the 
inhomogeneous  solution  is  stable  at  zero  field  (low  J  -  and  low  C|^).  since  the  exact  solution 
under  field  is  al-so  obtained  for  a  very  low  c  and  is  relatively  close  to  the  c=()  solution  The 
situation  is  a  little  bit  more  complicated  for  the  case  when  the  stable  solution  in  zero  field  is  the 
antiferroniagnetic  one  (high  Jj  and  low  cjj)  since  this  solution  is  no  longer  valid  at  non  zero 
field.  But.  there  exists,  in  that  case,  a  .solution  with  finite  c  which  tends  to  the 
antiferromagnetic  .solution  at  h=()  and  this  solution  remain  the  lowest  energy  solution.  The 
magnetization  curves  can  be  calculated  and  are  relatively  different  in  the  two  later  cases.  Some 
calculated  magnetization  curves  are  presented  in  figure  2  for  the  phase  diagram  of  figure  1 .  One 
can  see  the  different  behaviors  of  the  curves  according  to  the  location  of  the  points  in  the  phase 
diagram.  When  the  inhomogeneous  solution  is  stable  at  zero  field  we  have  a  magnetization 
which  starts  at  a  non  zero  value  and  tends  to  1  at  a  field  lower  than  the  theoretical  saturation 
field  (curves  a  and  b  of  figure  2).  When  the  antiferromagnetic  solution  remains  stable  at  zero 
field  the  magnetization  stttfts  at  zero  and  then  has  a  mtuked  ciirvattire  with  the  fielil  and  finally 
saturates  slowly  (curves  c  and  d  of  figure  2). 

Two  others  interesting  points  can  be  emphasized:  First,  one  can  always  fit  the  curves  w  ith  a 
biquadratic  coupling  model.  .Some  examples  of  such  fits  are  presented  in  figure  The  fits  are 
rather  good  but  the  fitted  values  of  J  are  always  lower  than  the  real  ones,  this  ctin  be  one  of  the 
reasons  of  the  low  values  of  J  deduced  from  the  experiments.  Second,  as  there  exists  different 
solutions  for  the  spatial  distribution  of  the  magnetic  motnents  some  hysteresis  is  expected. 


Figure  2;  Magnetization  curves  with  the  following  parameters: 
r.  =  2A.  I„„  =4A  and  t  =nA. 

n  nm  m 

a)  c^=().02  J=4  b)  c^=0.01  J=3  c)  cy=().02  J=6  d)  c^=0.()l  J=6 
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Figure  .V  Biquadraiic  coupling  fits  of  2  theoretical  curves: 

'■h  =  2A.  l„.„=4A  and.^=13A. 

a)  c^=().()2  J=6  b)  c^=().()2  J=3 

NUMERICAL  SIMULATION 

The  continuous  formula  (lb)  can  be  discretized  by  a  finite  element  method  as; 

e  =  |  =  .  2J„y  cos(e,-e.)  +  X  2Ji  Oi  -  Z 

ij  ■’‘h  h  i 

S  is  the  surface  of  the  unit  cell  in  the  finite  element  lattice  (the  size  of  the  pinholes  must  be 
greater  than  the  size  of  the  mesh).  The  i  sites  are  the  ordinary  sites  where  an  antiferromagnetic 
interaction  is  present  and  the  h  sites  are  the  pinholes.  Jy  is  the  ferromagnetic  exchange 
interaction  in  the  layers  Numerical  simulations  have  been  carri-  1  out  using 

equations  (10).  We  have  taken,  again,  a  periodic  repartition  of  pinholes  with  a  square  2 
dimensional  lattice.  We  have  used  the  relaxation  methrxl,  as  described  by  Arrot  et  al.|  1 1 1  to 
reach  the  equilibrium  configuration.  Such  a  configuration  is  shown  in  figure  4  where  the  pin 
holes  are  represented  by  grey  columns.  These  calculations  give  simple  magnetization  curves. 
Some  of  them  are  shown  in  figure  5,  where  we  have  used  the  same  parameters  as  in  the  phase 
diagram  of  figure  1.  One  can  .sec  that  the  results  qualitatively  agree  with  the  simple  one 
dimensional  model. 


<  > 


CONCLUSION 

We  have  demonstrated  that  a  simple  model  of  ferromagnetic  coupling  through  pin  holes  can 
give  a  qualitative  description  of  the  observed  magnetization  curves  in  multilayers.  The 
competition  of  the  local  ferromagnetic  coupling  and  of  the  normal  antiferromagnetic  coupling 
leads  to  inhomogeneous  repartitions  of  the  magnetic  moments  when  the  concentration  of  pin 
holes  is  weak  and  can  give  ferromagnetic  alignment  when  the  concentration  of  such  defects  is 
high.  The  existence  of  these  defects  tends  also  to  reduce  the  apparent  value  of  the 
antiferromagnetic  coupling  constant  and  may  be  one  of  the  reasons  of  the  discrepancy  between 
theoretical  and  experimental  values  of  the  coupling  constant. 
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Figure  4;  Spatial  distribution  of  the  magnetic  moments  at  zero  field  for  one  typical  case. 
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Figure  5:  Magnetization  curves  deduced  from  the  numerical  simulations. 
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ABSTRACT: 

In  this  paper,  the  synthesis  of  a  new  structure  of  iron  in  ( 1(X))  Felr  superlaitices  grown  by 
Molecular  Beam  Epitaxy  is  reported.  Two-dimensional  growth  up  to  4  planes  at  4(X)K  occurs, 
as  shown  by  RHEED  oscillations.  Electron  diffraction  also  gives  evidence  that  the  Fe  lattice  is 
pseudomorphic  to  the  Ir  one  during  the  2D-growth,  and  relaxes  to  the  bcc  lattice  for  thicker 
deposits.  An  X-Ray  analysis  shows  that  the  Fe  structure  is  a  body  centered  tetragonal  one  with 
a  c/a  ratio  close  to  1.25.  This  phase  is  observed  to  be  non-magnetic  at  room  temperature,  as  a 
weak  ferromagnetic  behaviour  is  observed  at  low  temperatures,  except  at  small  Ir  thicknesses. 
This  is  the  evidence  of  the  existence  of  a  low  spin  phase  which  seems  to  undergo  a  second  order 
phase  transition  with  the  atomic  volume  of  iron. 


INTRODUCTION: 

The  heteroepitaxy  of  metals  is  now  usually  realised  using  the  Molecular  Beam  Epitaxy 

(MBE)  technique.  The  synthesis  of  .^d  metals  in  new  crystallographic  structures  is  thus 

}  possible.  This  opens  a  new  field:  the  experimental  study  of  the  correlation  between  the  structure 

5  and  the  magnetic  behavior.  Indeed,  a  comparison  of  the  structures  between  3d  (magnetic)  and 

4d  or  5d  (non-magnetic)  metals  indicates  that  the  magnetic  behavior  is  probably  responsible  for 
the  anomalous  structures  in  the  3d  series.  Between  the  systems  which  have  been  studied  up  to 
now,  the  epitaxy  of  3d  metals  on  square  lattices  seems  to  be  particularly  interesting  since  the 
growth  of  tetragonal  stuctures  is  possible.  Indeed,  in  ( KXI)  Co/Cu  1 1 ),  Cii/Pd  |2|  and  Mn/Pd 
|3|,  the  mismatch  between  the  interatomic  distances  leads  to  body  centered  tetragonal  (bet) 
structures  with  c/a  ratio  different  from  I  (bcc)  and  si2  (fee).  In  the  case  of  Fe,  three  systems 
were  studied  ( (1(X))  FeCu  |4|,  FePd  |51  and  FeNi  |6|)  but  a  largely  tetragonized  structure  was 
only  observed  for  the  FeNi  one.  The  magnetic  properties  are  thus  difficult  to  carry  out  since  Ni 
is  also  magnetic.  The  main  goal  of  this  study  is  to  synthesized  Fe  in  a  bet  phase  and  to 
determine  its  magnetic  properties.  We  want  to  travel  along  the  Bain  path  in  order  to  see  if  there 
exists  some  magnetic  transition  versus  the  iron  volume  and  (or)  the  c/a  ratio.  The  choice  of  Ir  as 
a  substrate  is  motivated  by  the  fact  that  its  distance  between  first  neighbours  in  the  (1(X))  plane 
(2.715A)  is  located  between  those  of  bcc  (2.866A)  and  fee  (around  2.5A  at  RT)  Fe.  We  thus 
expect  to  be  able  to  vary  the  volume  and  c/a  ratio  and  to  record  the  existence  and  the  nature  of 
the  magnetic  transition. 


EXPERIMENTAL  RESULTS: 

The  epitaxies  are  perfonned  in  a  MBE  chamber  with  vacuum  in  the  range  of  lO  '**  torr.  An  Ir 
buffer  layer  of  2(X)A  is  firstly  reali.sed  at  ,5(X)°C  on  ( l(X))  MgO  substrates.  Ir  is  evaporated  by  an 
e-gun  at  0.5  A/s.  and  Fe  using  a  Knudsen  cell  heated  up  to  13.50°C  at  around  0.1  A/s.  RHEED 
oscillations  are  thus  recorded  during  the  Fe  growth,  but  not  during  the  Ir  one  since  the  magnets 
of  the  e-gun  disturb  the  c-beam  of  the  RHEED  apparatus.  The  Felr  superlattices  (SL)  are 
realised  at  1(M)°C  in  order  to  avoid  interdiffusion.  The  Fe  and  Ir  thicknesses  varied  from  2  to 
30A.  Transmission  Electron  Microscopy  (TEM)  17]  is  also  used  to  determine  the  quality  of  the 
SL.  A  2-circles  0-20  X-Ray  diffraction  apparatus  (XRD)  is  used  to  determine  the  period  of  the 
SL  and  the  average  distance  between  planes. 

SQUID  measurements  are  performed  from  5  to  3(X)K  with  applied  fielils  from  0  to  40  kOe. 
As  the  MgO  substrates  arc  found  to  be  paramagnetic,  the  total  system  MgO-rSL  is  firstly 
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measured,  and  a  second  measurement  is  performed  on  the  same  MgO  substrate  after  the 
elimination  of  the  SL  by  HCi  The  difference  between  both  measurements  gives  the  M(T) 
diagram  of  the  SL. 

The  surface  of  the  Ir  buffer  layer  grown  on  MgO  is  arranged  in  a  5x  1  reconstruction,  typical 
of  a  bulk  like  material  with  a  flat  and  clean  surface  |7|,  as  confirmed  by  TEM.  This 
superstructure  disappears  after  Fe  deposition,  and  does  not  reappear  during  the  growth  of  the 
SL.  A  square  surface  lattice  is  observed  and  remains  for  unlimited  Fe  thickness.  RHEED 
oscillations  are  observed  up  to  more  than  10  planes  at  around  250K  and  4  planes  at  40()K  [81. 
These  oscillations  are  commonly  understood  via  a  layer  by  layer  growth.  The  growth  of  Fe  on 
Ir  (100)  is  thus  two-dimensional  (2D),  without  interdiffusion  since  the  period  of  the  oscillations 
is  constant.  The  measurement  of  the  distance  between  streaks  on  RHEED  pattern  shows  that  Fe 
is  firstly  pseudomorphic  to  the  Ir  lattice  up  to  around  5  planes  at  RT  and  rapidly  relaxed  to  its 
bcc  structure.  This  shows  that  several  kinds  of  SL  can  be  obtained  18|,  but  here  we  are  only 
interested  by  the  pseudomorphic  regime. 

The  distance  dpc  between  Fe  planes  in  the  growth  direction  can  be  easily  obtained  using 
thickness  calibration  and  RHEED  oscillations.  The  Fe  thickness  divided  by  the  number  of 
oscillations  directly  gives  dFc=l.70  ±  0.05  A  (if  we  consider  a  monoatomic  layer  by  layer 
growth).  This  value  is  confirmed  by  XRD.  Indeed,  the  principal  SL  peak  corresponds  to  an 
average  distance  <d>  between  Ir  and  Fe  planes  as  (epe  i-s  the  Fe  thickness  ): 

dpc  +  d|r 

Assuming  in  a  first  approximation  that  the  distances  between  planes  dpc  and  di,  do  not  vary 
with  epc  and  eir.  i.e.  are  constant  from  one  SL  to  another,  these  distances  can  thus  be  simply 
determined  using  the  technique  described  in  ref.9.  We  find  dFc=  1 .70  ±  .OSA  in  total  agreement 
with  the  RHEED  determination.  As  the  in  plane  distance  given  by  RHEED  is  close  to  the 
2.7  IsA  Ir  distance,  and  the  in  plane  structure  is  a  square  lattice,  the  Fe  structure  is  a  bet  one 
with  a  c/a  ratio  close  to  1 .25.  Moreover,  assuming  that  Ir  is  infinitely  rigid  (not  strained  by  Fe) 
and  a  unifomi  in  plane  stress  without  out  of  plane  one.  the  in  and  out  of  plane  strains  tt'id 
are  related  by  : 


where  a  is  the  in  plane  distance,  ao  and  do  the  parameters  of  the  original  unstrained  cubic  Fe 
phase.  As  the  poisson  ratio  is  always  close  to  0..1,  the  equation  (2)  gives  a  bcc  patameter  of 
3.08A  and  a  fee  one  of  .3.6A.  This  clearly  shows  that  the  obtained  bet  Fe  phase  is  a  distorsion 
of  the  fee  Fe  one. 

A  more  realistic  elastic  modeling  can  howevc."  be  proposed.  We  now  consider  that  the  whole 
SL  is  in  elastic  equilibrium,  i.e.  Fe  and  Irare  strained  by  each  other.  We  thus  assume  that  the  in 
pitine  parameter  is  constant  all  over  a  SL  but  is  not  eqtial  to  Ir  one  since  Ir  is  not  infinitely  rigid. 
We  neglect  the  influence  of  the  substrate  (at  the  end  of  the  buffer  epitaxy.  Ir  is  actually  relaxed). 
The  total  elastic  energy  is  the  sum  of  the  buffer.  N  Fe  and  N  Ir  layers  contributions  as  : 

(3) 

where  Cj  is  the  thickne.ss  of  i  (buffer,  Ir  or  Fe  layers)  and  A=E/(l-v)  with  E  the  Young 
modulus.  The  in  plane  parameter  is  thus  calculated  by  minimizing  this  energy.  The  out  of  plane 
dpe  and  dir  distances  are  thus  calculated  using  equation  (2)  and  <d>ih  using  equation  ( I ).  As 
shown  on  the  figure  1,  the  calculated  and  experimental  values  are  in  very  goorl  agreement  using 
a  ptirameter  of  the  original  fee  Fe  phase  of  3.55A, 
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Figure  1  :  experimental  and  theoritical  '  alues  of  the  average  parameter  in  the  superlaitices. 

The  magnetic  hysteresis  loops  show  that  this  bet  Fe  structure  is  not  magnetic  at  RT.  A  small 
moment  was  detected  in  preliminar  experiments  (81  but  probably  comes  from  magnetic 
impurities  in  the  MgO  substrates.  Ferromagnetic  loops  appears  at  room  temperature  when  the 
Fe  thickness  is  greater  than  4  planes  corresponding  to  the  relaxation  in  the  bcc  structure  181. 

SQUID  measurements  are  thus  performed  on  a  .series  of  SL  with  eFc=-^ML.  Typical 
ferromagnetic  M(T)  curves  (Fig. 2)  are  measured  except  for  the  small  Ir  thickness  (3A)  where  a 
C/T  law  is  observed  with  C=().  18  ±  .05  K  (Fig..^).  Moreover,  the  moment  extrapolated  at  OK 
varies  with  the  iridium  thickness  and  is  small  (from  0  to 0.8  pb).  Conset)uenily,  we  have  used 
the  equation  of  states  of  a  weak  itinerant  feromagnet  to  fit  the  experimenttil  results.  The  results 
of  the  magnetization  measurements  and  of  the  fits  tire  suntarized  in  table  I.  T^  and  m  are  deduced 
from  the  weak  itinerant  ferromtignetic  fits,  ps  from  the  magnetization  at  5K,  6  is  deduced  from 
the  paramagnetic  fit  above  Tc  and  pc  from  the  corresponding  Curie  constant.  M(H)  curves  at 
1(X)K  are  al.so  shown  on  figure  5. 


Figure  3  :  Reciprocal  susceptibility  versus  temperature  for  a  superlatlice  with  the  same  iron 
thickness  as  the  preceding  ones  but  with  an  iridium  thickness  of  3  A, 
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Figur^  :  1/x  (T)  curve  for  eir=8.5A.  The  line  gives  a  Curie  consiUiit  of  0.33  K. 
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Bohr  mag. 

Tc 

K 

0 
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11.87 

1.28 

0 

0.02 

2.3 

0 

0 

11.91 

1.26 

0.20+0.02 

0.25 

2.5 

125±43 

170 

11.95 

1.25 

0.36+0.02 

0.38 

3.5 

155+40 

185 

11.98 

1.23 

0.28+0.04 

0.41 

2.5 

85±38 

160 

12.00 

1.23 

0.71  ±0.03 

0.82 

2 

145±35 

160 

Table  1  ;  Magnetic  properties  of  the  measured  superlatlices  (see  text). 


Figure  5  :  magnetizuiion  curves  (H  ;  40  to  0  kOe)  at  1(K)K 

DISCUSSION 

Several  comments  can  be  tnade  on  these  results.  The  first  one  is  that  the  ratio  ol  the  iron 
moment  deduced  from  the  Curie  constant  of  the  susceptibilitic  p^,  and  of  the  iron  saturation 
magnetic  moment  p,.  is  large,  as  expected  from  the  universal  Rhixles  Wolhl'aiih  correlation  1 101. 
However,  the  agreenient  between  the  experimental  data  and  the  weak  itinerant  ferromagnetic  fits 
is  rather  poor  (which  explains  the  large  incertaincy  on  and  a  better  dclcmiination  of  T^-  and 
Pc  is  necessary  to  compare  our  re,sults  with  R.hodes  Wolhfarth  curve.  Moreover,  the  Curie 
temperature  do  not  follow  a  regular  law  with  the  iridium  thickness  and  calculated  iron  volumes, 
which  may  be  due  to  the  interlayer  coupling  which  oscillate  relatively  fast  in  iridium  1 1 1 1. 
Moreover,  an  increase  of  p^  (magnetic  moment  at  zero  temperature)  is  observed  when  the  Ir 
thickness  is  increased.  The  natural  explanation  of  this  increase  is  the  incretising  stress  imposed 
by  Ir.  In  that  way,  dpe  varies  with  the  Ir  thickness.  On  figure  6  is  plotted  the  value  of  the  iron 
magnetic  moment  versus  the  atomic  volume  of  iron  calculated  using  the  elastic  modeling 
presented  before. 


Figure  6 ;  Variation  of  the  average  magnetic  moment  per  Fe  atom  with  the  theoretical 
Fe  volume  calculated  using  the  elastic  modeling. 
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This  is  the  central  result  of  this  paper  and  the  first  evidence  of  a  real  low  spin  phase 
corresponding  to  a  second  order  phase  transition  when  the  iron  volume  increases.  The  value  of 
the  iron  atomic  volume  corresponding  to  this  transition  is  clo.se  to  the  iheoriiical  predictions 
where  the  critical  atomic  volume  is  around  I2A^  However,  the  phase  transition  is  predicted  to 
be  first  order  and  two  phases  may  e.sist  with  an  iron  magnetic  moment  between  002  and  0  1 
Bohr  magnetons  for  the  first  one  and  between  0  5  and  1,2  Bohr  magnetons  for  the  second 
one!12,131. 


CONCLUSION 

In  conclusion,  we  have  for  the  first  time  synthesized  a  weak  ferromagnetic  bet  Fe  structure 
with  a  c/a  ratio  close  to  1.25.  Such  a  low  spin  ferromagnetic  Fe  state  is  predicted  by  theorists 
1 1 1,12|  but  has  rarely  been  observed.  It  is  also  demonstrated  that  this  bet  structure  does  not 
result  from  an  elastic  deformation  of  the  bee  phase,  but  rather  from  the  fee  one.  However,  a 
paradox  appears  :  if  this  bet  phase  is  the  strained  fee  one,  why  dix;s  Fe  relax  lo  ihe  bee 
structure?  Finally,  this  bet  phase  is  a  typical  weak  ilinerani  ferromagnei  al  low  temperature, 
except  at  small  Ir  thickness.  The  variation  of  the  iron  magneiic  moment  with  the  iron  atomic 
volume  seems  to  indicate  a  second  order  transition. 
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ABSTRACT 

We  present  a  calculation  of  spin  waves  in  coupled  multilayered  strucmres  which  is  based 
on  exact  evaluation  of  both  exchange  and  dipolar  fields.  The  ground  state  spin  configuration 
in  andferromagncdcally  coupled  mutdlayers  can  differ  significantly  from  the  uniformly  canted 
ground  state  usually  assumed  This  non-uniform  ground  state  is  found  to  radically  alter  the 
character  of  the  spin  wave  modes  and  sometimes  lead  to  a  strong  localization  of  the  wave  to 
the  outermost  magnetic  films  of  the  multilayer. 


I.  INTRODUCT'ON 

The  discovery  oi  antiferromagnetic  coupling  between  ferromagnetic  films  across 
nonmagnetic  layers  [1]  has  raised  several  important  questions  and  resulted  in  a  number  of 
exciting  potential  applications.  Even  though  the  actual  spin  configuration  often  plays  a  very 
important  role  in  the  most  interesting  propenics  of  these  systems  (2-4],  to  date  theoretica. 
investigations  [5-7]  of  giant  magnetoresistance  and  dynamic  response  of  anrifeiTomagnetically 
coupled  systems  have  assumed  orjy  the  simplest  possible  magnetic  ground  states. 

In  a  recent  paper  [8],  we  showed  that  multilayered  systems  of  antiferromagnetically 
coupled  films  will  have  complicated  groundstates  that  are  strongly  field  dependent.  Some  of 
these  groundstates  are  quite  different  from  the  groundstate  assumed  by  previous  theoretical 
studies  of  these  systems.  In  the  present  work  we  discuss  the  effects  of  the  correct  groundstate 
on  the  linear  dynamic  magnetic  behavior  of  multilayer  systems. 

In  this  paper  we  present  a  microscopic  calculation  of  spin  wave  frequencies  in  magnetic 
multilayer  structures  which  makes  no  restrictions  on  the  allowed  ground  state  magnetic 
configurations.  We  will  use  this  model  to  discuss  the  effects  of  complicated  ground  states  on 
spin  wave  frequencies  and  characteristics. 

II.  THEORY 

The  geometry  of  the  multilayer  is  shown  in  Fig.  1.  The  axis  of  the  multilayer  lies  along 
the  y  direction,  an  external  applied  magnetic  field  Hq  is  directed  along  the  z  axis  and  the 
magnetizations  in  each  layer  lie  in  the  xz  plane  some  angle  a  from  the  z  axis.  The  magnetic 
layers  are  identified  by  the  integer  n  and  the  angle  a  for  the  magnetization  of  each  layer  by  the 
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subscript  n.  The  number  of  atomic  layers  in  each  magnetic  film  is  N  and  there  are  a  total  of  L 
magnetic  layers  in  the  multilayer.  The  number  of  atomic  layers  in  each  non-magnetic  film  is 
Nj.  For  simplicity  we  assume  that  the  lattice  is  simple  cubic  with  spacing  a.  For  future 
reference,  we  also  define  a  wavevector  q  that  lies  in  the  xz  plane  at  an  angle  $  from  the  z  a.xis. 

We  now  review  the  important  features  of  the  ground  state  configurations.  If  la„l  were 
independent  of  position  then  the  magnetization  of  each  film  would  be  canted  away  from  the 
applied  field  direction  by  an  amount  a  given  by 


COSO  =  •gp3LNHo/4(L-l)Jj 


(1) 


Here  Jj  is  the  interlayer  exchange  energy,  g  is  the  g  factor  and  P3  is  the  Bohr  magnetron.  The 
strength  of  this  field  decreases  when  the  thickness,  or  number  of  atomic  layers  N,  of  the 
magnetic  films  is  increased.  Note  that  the  sign  convenrion  is  such  that  a  negative  denotes 
antiferromagnetic  coupling.  In  the  remainder  of  this  paper  we  refer  to  this  angle  a  as  the 
“bulk"  canting  angle.  This  ground  state  configuration  is  sketched  in  Fig.  2a.  The  arrows 
represent  the  net  magnetization  in  each  magnedc  film.  Here  the  magnetization  of  each  film  is 
canted  away  from  the  direction  of  the  field  by  the  angle  a  calculated  according  to  Eq.  (1). 

A  canted  state  where  every  canting  angle  is  given  by  Eq.  (1)  is  not  stable  for  a  finite 
multilayer  [8].  The  reason  is  that  in  a  finite  multilayer  the  outermost  films  experience  only  half 
the  interlayer  exchange  coupling  compared  to  a  film  inside  the  multilayer.  Because  of 
competition  between  antiferromagnetic  exchange  and  Zeeman  energies,  it  is  energetically 
favorable  to  rotate  the  outermost  magnetizations  away  from  the  bulk  angle  given  by  Eq.  (1)  in 
such  a  way  as  to  lower  the  net  Zeeman  energy  for  the  entire  structure. 

The  lowest  energy  stable  states  are  somewhat  complicated  and  strongly  dependent  on  the 


Figure  1.  Geometry  for  the  multilayer. 
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Figure  2.  Spin  configurations.  The 
uniform  “bulk”  state  is  depicted  in  (a). 
Nonuniform  canted  states  are  shown 
for  low  fields  in  (b)  and  high  fields  in  (c). 
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magnitude  of  the  external  applied  field.  These  states  are  depicted  in  Fig.  2b  for  small  field 
strengths  and  in  Fig.  2c  for  larger  field  strengths.  The  dotted  lines  are  the  bulk  a  given  by  Eq. 
1  for  large  L.  At  high  fields,  the  angles  of  the  outermost  spins  are  less  than  the  bulk  a. 
For  low  fields,  the  size  of  the  angles  alternate  with  respect  to  the  bulk  a  from  layer  to  layer. 
Note  that  the  equilibrium  magnetizations  all  lie  in  the  field  direction  for  fields  greater  than 

4J/gp3. 

The  largest  angular  deviations  from  the  bulk  value  occurs  for  magnetizations  in  the 
outermost  layers.  We  find  that  modes  which  arc  localiaed  to  the  ouicrmosi  layers  are  the  most 
strongly  affected  by  the  nonuniform  canting  [9]. 

We  now  examine  the  magnetostatic  spin  waves  for  the  groundstaies  shown  in  Fig.  2. 
Our  theory  includes  both  dipolar  and  exchange  interactions.  As  in  the  above  discussion,  all 
layer  dependent  variables  are  indexed  by  the  integer  n.  The  spins  are  treated  as  point  dipoles 
arranged  in  a  cubic  lattice  structure  within  each  film.  A  Heisenberg  exchange  interaction  is 
assumed  and  the  spins  are  also  coupled  via  dipolar  interactions.  The  dipolar  interaction 
appears  in  the  Hamiltonian  as  a  sum  over  all  lattices  sites  r: 


yi. 


S(r)-S(r)  (f-S(f))(fS(r)) 

Ir-f'P  Ir-r'l’ 


(2) 


This  interacdon  is  long  ranged  and  the  sum  includes  operators  S  for  all  spins  in  the  multilayer 
system. 

The  equations  of  motion  are  calculated  from  the  complete  Hamiltonian  including  a  Zeeman 
energy  term  due  to  an  external  magnetic  field  Hq.  The  long  wavelength  region  is 
consideredwhere  the  spin  operators  can  be  treated  as  classical  vectors.  We  are  interested  in 
small  amplitude  excitations  so  we  first  linearize  the  equations  of  motion.  This  is  accomplished 
by  separating  the  spin  variables  into  a  static  part  S(r),  and  a  dynamic  part  s(r,t).  Terms  of 
second  order  in  s(r,t)  are  then  neglected  in  the  equations  of  motion.  Plane  wave  solutions  are 
assumed  for  s(r,t)  and  the  static  part  is  wrritten  as  S,,.  The  particular  choice  of  groundsiate 
enters  through  the  angle  a,,  as 


S„=xSsina„+zScoso„ 


(3) 


The  resultant  linearized  equations  of  motion  for  spins  within  a  film  are; 
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-itos„  = 


+  S.  x[g4g  h.(q)*-2Js,(cosq.a  +cosq.a)  + J. 


(4) 

Here  a  is  the  lanice  spacing  within  a  film.  The  e.xchange  constant  is  defined  as  ^  =  J 
when  n  and  m  are  in  the  same  magnetic  film;  m  “  ■^i  m  are  the  outermost  layers 

of  neighboring  magnetic  films;  J„  ,j,  =  0  when  n  or  m  is  an  outermost  layer  of  the  multilayer. 
The  dipolar  terms  are  contained  in  H*  and  h(q).  Fields  which  are  independent  of  q  are  written 
in  and  q  dependent  dipolar  fields  are  written  in  h(q).  Both  of  these  fields  can  be  written 
in  terms  of  s  „  and  S  „  as  rapidly  convergent  sums  [10]. 

The  complete  set  of  coupled  equations  of  motion  define  a  large  but  straightforward 
eigenvalue  problem.  The  calculational  procedure  is  as  follows:  Low  temperatures  are 
assumed  and  the  ground  state  is  found  using  a  numerical  mean  field  approach  which  gives  the 
angles  aj,[8].  Next  the  eigenvalue  problem  is  solved  for  the  eigenfrequencies  tu  and 
eigenvectors. 

III.  RESULTS 

The  general  features  of  the  allowed  spin  wave  modes  are  most  simply  illustrated  by  first 
examining  spin  wave  propagation  assuming  the  uniform  groundstate  defined  by  Eq.  (1). 
Unless  otherwise  specified,  we  use  the  following  parameten  in  all  the  examples  presented  in 

this  paper:  N/Nj=2.  L=10,  J=10  J  cm^,  Jj=0.(X)l  J  cm^,  qa=0.001  and  0=90®.  The  results 
are  given  in  terms  of  unitless  variables  £2  and  h  which  are  proportional  to  the  frequency  and 
applied  field  strength. 

The  uniform  ground  state  is  not  stable  and  some  spin  wave  modes  will  soften  at  certain 
applied  field  strengths.  This  can  be  seen  in  Fig.  3  where  the  lowest  ten  spin  wave  frequencies 
are  shown  as  functions  of  applied  field  assuming  a  uniform  canted  ground  state.  The  spins  are 
canted  for  fields  less  than  h=l  and  aligned  in  the  field  direction  for  fields  above  h=l.  In  Fig.  3 
we  see  that  a  mode  softens  for  an  h  near  0.85  and  reappears  at  h=l.  This  gap  where  the  mode 
disappears  indicates  that  the  uniform  groundstate  is  not  stable  for  h  values  near  1.  Finally,  the 
mode  labeled  10  is  the  Damon-Eshbach  mode  for  this  structure. 

Spin  wave  frequencies  are  shown  in  Fig.  4  as  functions  of  applied  field  for  the  stable 
groundstates  shown  in  Fig.  2b  and  2c.  Propagation  is  again  perpendicular  to  the  field.  At 
small  fields,  the  groundstate  is  similar  to  that  of  Fig.  2b  and  at  fields  near  h=1.0  the  ground 
state  is  similar  to  that  of  Fig.  2c.  For  h>l ,  all  the  spins  are  aligned  in  the  direction  of  the  field. 
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Figure  3.  Spin  wave  freque 
functions  of  field  for  the  unifon 
state  of  Fig.  2(a). 


Figure  4.  Spin  wave  frequencies  as 
functions  of  field  for  the  nonuniform 
canted  states  of  Fig.  2(b,c). 


The  main  difference  between  the  spin  wave  frequencies  in  the  nonuniform  groundstate  and 
those  in  the  uniform  ground  state  is  that  there  is  a  great  deal  of  mode  mixing.  This  is  clearly 
seen  in  Fig.  4  for  h  near  0.5  where  the  Damon-Eshbach  mode  passes  through  the  band  of  bulk 
modes.  The  reason  for  this  is  that  the  symmetry  of  the  structure  has  been  significantly 
lowered.  For  example  it  is  no  longer  possible  to  define  a  small  unit  cell  for  a  groundstate 
configuration.  Here  the  entire  strucnire  is  the  unit  cell.  As  a  result,  modes  which  were 
orthogonal  to  one  another  in  the  uniform  structure  are  now  mixed  and  mode  repulsion  is 
observed.  Note  that  with  the  correct  ground  state  there  is  a  mode  softening  at  h=l  where  the 
magnetization  changes  from  perfectly  aligned  to  canted. 

A  dramatic  example  of  how  the  finite  structure  induces  mode  mixing  is  found  when  the 
frequencies  are  studied  as  functions  of  wavevcctor  q.  In  Fig.  5,  the  uniform  ground  state  is 
assumed  and  the  frequencies  are  shown  as  functions  of  q.  Propagation  is  perpendicular  to  the 


Figure  5.  Spin  wave  frequencies  as 
functions  of  q  for  the  uniform  canted  state 
of  Fig.  2(a). 


Figure  6.  Spin  wave  frequencies  as 
functions  of  q  for  the  nonuniform  canted 
states  of  Fig.  2(b,c). 


484 


field  (4i=90°).  The  applied  field  is  h=0.5  so  that  the  spins  are  canted  away  from  the  applied 
field  direction.  The  Damon-Eshback  mode  is  the  most  strongly  dispersive  of  the  spin  wave 
modes  and  rises  through  the  band  of  bulk  modes  with  increasing  q.  Note  that  there  are  no 
mode  repulsions  visible  on  this  scale. 

In  Fig.  6,  the  frequencies  are  again  shown  as  functions  of  wavevector  but  with  the 
groundstates  shown  in  Fig.  2b  and  2c.  The  applied  field  is  h=0.5  as  in  Fig.  5.  Here  there  are 
large  repulsions  as  the  Damon-Eshbach  mode  crosses  through  the  spin  wave  band.  This  is 
due  to  the  mi.xing  of  modes  caused  by  the  nonuniform  groundstate. 

In  conclusion,  we  have  studied  the  allowed  spin  wave  modes  of  a  finite  multilayer  with  a 
non-periodic  spin  configuration.  The  nonuniform  ground  states  lower  the  symmetry  of  the 
magnetic  structure  and  lead  to  a  large  mixing  of  modes.  This  mixing  appears  as  gaps  in  the 
spin  wave  dispersions  as  the  Damon-Eshbach  mode  crosses  through  the  spin  wave  band. 
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ABSTRACT 

The  lattice  reconstructed  bcc  Ni(OOI)  in  Fe/Ni(00I)  ultrathin  layers  allows  one  to  engineer 
films  in  which  (he  in-plane  4-fold  anisotropies  and  coercive  fields  can  be  varied  and  adjusted 
according  to  specific  requirements.  Magnetization  reversals  have  been  studied  in  layered 
structures  of  Fe/Ag/Fe/Ni(0<)l ).  For  Ag(OOI)  interlayers  thicker  than  13  ML  magnetization 
reversal  can  proceed  in  two  steps.  In  these  samples  the  minor  loops  switch  the  magnetization  of 
the  Fe(OOl)  layer  from  the  parallel  to  the  antiparallel  configurations  with  respect  to  the  magnetic 
moment  of  the  Fe/Ni  film.  Such  minor  loops  exhibit  a  rectangular  behavior  with  switching  fields 
of  1 5-25  Oe.  The  lattice  transformed  Fe/Ni  layers  could  be  useful  in  spin- valve  structures. 

INTRODUCTION 

Ni  can  be  grown  epita.xially  on  FefOOI ).  The  first  3  monolayers  (ML)  follow  the  bcc  stacking 
with  the  same  lateral  spacing'  and  the  same  vertical  relaxation'  as  is  observed  for  Fe(OOl).  After 
reaching  a  critical  thickness,  3-5  ML,  the  Ni  overlayers  transform  gradually  into  a  more 
complicaicd  stnicture^'^'^.  The  transformed  "bcc  Ni"  exhibits  the  same  main  features  of  the 
Reflection  High  Energy  Electron  Diffraction  (RHEED)  patterns  along  the  (100)  and  (110) 
azimuths  as  the  FefOOI),  but  the  RHEED  patterns  corresponding  to  ( 1 10)  azimuths  show  in 
addition  a  we,Tk  diffraction  streak.  The  additional  superlattice  streaks  are  also  visible  for  azimuths 
away  from  the  (100)  and  (110)  directions.  Their  complicated  angular  dependence  and 
SEX  AFS''  studies  by  Jiang  et  al.  indicate  that  the  Ni  transformation  is  a  rather  severe  distortion 
of  the  basic  bcc  Ni(OOI)  structure,  "bcc  Ni"  overlayers  grown  on  FefOOI)  form  a  unique 
structure  having  magnetic  properties  which  are  truly  different  from  those  observed  for  bcc 
FeffKIl)  and  pure  bcc  NifOOl). 

FMR  measurements  played  a  crucial  role  in  determining  the  magnetic  properties  of  both  the 
pure  bcc  and  lattice  transformed  Fe/Ni(001)  bilayers^,®.  The  magnetic  moment  in  Fe/Ni  bilayers 
measured  by  FMR  was  significantly  greater  than  that  of  the  Fc  layer  whether  the  added  layer  was 
the  pure  bcc  NifOOl )  or  the  lattice  transformed  "bcc  Ni".  The  saturation  magnetizations  of  both 
forms  of  bcc  Ni,  -5  kG,  are  nearly  as  large  as  in  fee  Ni*.  This  is  in  agreement  with  calculations 
by  Moruzzi  and  Marcus^.  The  presence  of  pure  bcc  Ni  does  not  affect  the  4-fold  in-plane 
anisotropy  of  the  FefOOI)  layer.  However,  the  lattice  transformed  "bcc  Ni"  showed  remarkable 
magnetic  propenies^’'*'*.  The  4-fold  anisotropies  observed  in  lattice  transformed  Fe/Ni  bilayers 
far  exceeded  those  observed  in  regular  3d  transition  metals  and  tneir  alloys;  e.g., 
2Ki/M5=2.33  kOe  in  a  bilayer  with  6  ML  of  Fe  and  15  ML  of  Ni  (6Fe/15Ni)  compared  with 
0.55  kOe  for  bulk  Fe. 

A  clue  as  to  the  origin  of  the  large  in-plane  anisotropies  was  found  from  measurements  of  the 
angular  dependence  of  the  FMR  linewidth^.  AH  exhibited  a  linear  dependence  on  microwave 
frequency  with  a  zero  frequency  offset  AHfO),  as  is  usuaP.  The  linear  slope  corresponding  to  the 
intrinsic  Gilbert  damping  Wiis  found  to  be  isotropic,  as  it  is  in  all  3d  transition  metals,  but  the 
AH(O)  term  was  found  to  have  a  strong  angular  dependence.  The  zero-firequency  FMR  linewidth 
AHfO)  is  caused  by  crystallographic  faults  generated,  in  this  case,  during  the  Ni  overlayer 
transformation.  The  angular  dependences  of  the  in-plane  resonance  field  and  the  FMR  linewidth 
follow  each  other  very  closely^.  This  strongly  indicates  that  they  have  a  common  origin. 

The  crystallographic  defects  created  during  the  Ni  layer  transformation  likely  form  a  network 
which  satisfies  the  observed  in-plane  4-fold  symmetry.  The  electron  orbital  momentum  is 
quenched  In  cubic  structures  and  therefore  the  contribution  of  the  spin-orbit  interaction  is  weak. 
The  situation  changes  along  crystallographic  defects  where  the  orbital  quenching  is  lifted.  This 
results  in  an  enhanced  spin-orbit  interaction  and  consequently  an  increased  magnetic  anisotropy. 

Mat.  Ret.  Soc.  Symp.  Proc.  Vol.  313.  ’  1993  Materlalt  Research  Society 


486 


li  IS  remarkable  that  the  crystallographic  defects  triggered  by  the  lattice  transformation  of 
metastable  bcc  Ni  can  result  in  well  defined  4-fold  anisotropies  and  can  be  used  to  engineer  new 
types  of  magnetic  materials. 

The  defect  structure  which  leads  to  an  increased  value  of  the  4-fold  in-plane  anisotropy  also 
increases  the  coercive  field  of  Fe/Ni  films.  By  changing  the  rado  between  the  Fe  and  Ni 
thicknesses,  the  coercive  field  can  be  adjusted  over  the  range  of  2-300  Oe.  This  feature  can  be 
employed  in  ultrathin  trilayers  which  consist  of  two  magnetic  layers  separated  by  a  nonmagnetic 
layer.  The  purpose  of  this  paper  is  to  demonstrate  that  by  a  suitable  choice  of  the  individual  Fe 
and  Ni  layer  thicknesses  one  can  create  ultrathin  structures  in  which  the  switching  from  the 
parallel  to  the  anuparallel  configuration  occurs  in  low  magnetic  fields.  In  this  paper  only  results 
for  Fe/Ag/Fe/Ni  structures  are  presented 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Fe/Ni  layers  were  formed  by  covering  a  6  ML  Fe(OOl)  film  on  a  Ag(OOl)  substrate  with  one 
of  several  thichnesses  (10-18  ML)  of  lattice  transformed  "bcc  Ni".  The  hysteresis  loops, 
observed  using  the  longitudinal  Magneto-Optical  Kerr  Effect  (MOKE),  see  details  in  ref.  (81, 
were  rectangular  as  shown  in  Fig.  1  for  the  field  along  an  easy  1 1,0)  axis.  The  coercivities  were 
much  larger  than  those  of  single  layers  of  Fe.  Single  layers  of  10  ML  of  Fe  show  quite 
rectangular  loops  with  coercivities  of  only  a  few  Oe  (1-3  Oe). 

Sandwiches  of  Fe,  Ag  and  Fe/Ni  were  formed  by  starting  with  a  single  10  ML  Fe  film 
grown  on  a  Ag(OOl)  bulk  substrate.  Then  a  non-magnetic  interlayer  of  Ag(OOl)  using  one  of 
several  thicknesses  between  10  and  18  ML  were  grown  epitaxially  on  the  Fe.  The  second 
ferromagnetic  layer,  Fe/Ni,  was  formed  next  by  depositing  a  6  ML  Fe(OOl)  film  which  was 
covered  by  lattice  transformed  bcc  Ni(OOl)  of  a  chosen  thickness  between  10  and  18  ML.  All 
structures  were  covered  by  a  20  ML  epitaxial  Au(OOl)  layer  for  protection. 

For  very  weakly  coupled  Fe  and  Fe/Ni  layers  one  would  expect  that  the  magnetization 
reversal  starts  in  the  Fe  layer  at  a  slightly  negative  field  which  is  close  to  its  coercive  field.  At  this 
field  the  magnetic  moment  of  the  Fe/Ni  layer  would  maintain  the  direction  of  the  previously 
applied  positive  field.  The  reversal  of  the  magnetic  moment  in  the  Fe/Ni  layer  (complete 
magnetization  reversal)  is  then  expected  to  occur  at  a  field  which  is  close  to  the  coercive  field  of 
the  Fe/Ni  layer. The  magnetization  reversal  in  Fc/Ag/Fe/Ni  films  depends  strongly  on  the 
individual  layer  thicknesses,  e.g.,  the  samples  showed  only  simple  rectangular  magnetization 
loops  for  the  thinner  Ag(OOl)  interlayers.  In  such  cases  the  coupling  between  layers  is 
sufficiently  strong  that  the  magnetic  moments  in  Fe  and  Fe/Ni  layers  maintain  their  orientation 
parallel  to  each  other  during  the  process  of  magnetization  reversal.  They  reverse  their  orientation 
together  at  a  field  which  is  between  the  Fe  and  Fe/Ni  coercive  fields.  The  measured  coercive 
field,  40  Oe.  is  almost  independent  of  the  Ag  interlayer  thickness  between  10  and  13  ML  for  the 
structures  with  a  lOFe  layer  and  a  6Fe/13Ni  layer,  see  Fig.2. 


Magnetic  FickI  (Oc) 


Fig.  1.  Hysteresis  loop  for  a  6Fe/15Ni 
sample  along  the  easy  axis  (10).  The 
integers  before  the  elements  indicate  the 
number  of  monolayers  (ML). 
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Fig,  2.  Hysteresis  loops  for  (a)  I0Fe/l3Ag/6Fe/l3Ni  and  (b)  I0Fe/I0Ag/6Fe/13Ni. 


The  exchange  coupling  between  Fe  layers  separated  by  Ag(OOl)  interlayers  thicker  than 
7  ML,  when  grown  at  300  K,  is  no  more  than  0.004  ergs/cm^  as  deduced  from  FMR  This  is 
too  small  to  account  for  a  40  Oe  coercivity.  Therefore  the  interlayer  coupling  between  Fe  and 
Fe/Ni  layers  in  these  samples  is  not  due  to  the  exchange  coupling  alone  but  it  is  caused  by  the 
magnetostatic  interactions,  most  likely  originating  in  the  lattice  defects  and  the  interface 
roughness  of  the  Fe/Ni  and  the  interface  roughness  of  the  Fe  layers. 

For  strong  coupling  between  the  Fe  and  the  Fe/Ni  layers,  the  measured  coercivity  can  be 
related  to  the  coercivity  of  the  individual  layers  by 

u  Mpe  HcFc  MpeNi  HcFe/Ni 
^  ~  Mpe  +  Mpe/Ni 

where  Mpe  and  Mpe/Ni  represent  the  total  magnetic  moments  in  the  Fe  and  Fe/Ni  layers, 
respectively,  and  HcPe  and  HcPe/Ni  are  their  respective  coercive  fields.  If  one  assumes^  that  the 
magnetic  moment  per  Ni  atom  is  0.5  ps  then  putting  the  measured  value  of  Hc=40  Oe  for 
l()Fe/13Ag/6Fe/13Ni,  see  Fig. 2,  in  Eq.  I  gives  HcFe/Ni=80  Oe,  This  value  is  reasonably  close 
to  the  coercive  field  for  a  single  6Fe/l3Ni  film,  Hc=100  Oe,  found  by  interpolation.  This  shows 
that  the  coercivity  of  the  Fe/Ni  layer  is  not  changed  appreciably  by  inclusion  in  the  sandwich. 

For  thicker  Ag(OOl)  interlayers  one  can  obtain  magnetization  loops  in  which  the  magne¬ 
tization  reversal  proceeds  in  several  steps.  The  crossover  from  simple  hysteresis  loops 
(exhibiting  one  single  magnetizauon  reversal)  to  more  complicated  magnetization  reversals  which 
involves  several  distinct  steps  depends  very  strongly  on  the  thickness  of  the  Ni  layer.  Samples 
with  18  ML  Ni  {IOFe/13Ag/6Fe/18Ni)  show  a  well  defined  two  step  magnetizadon  reversal,  see 
Fig.  3,  while  samples  with  13  ML  Ni  (otherwise  identical  structure)  show  a  simple  magnetization 
reversal,  see  Fig.  2.  Films  with  13  ML  Ni  in  the  Fe/Ni  layer  require  at  least  15  ML  of  AgfOOl)  to 
exhibit  a  multistep  magnetization  reversal,  see  Fig.  4. 

At  this  point  one  would  like  to  identify  the  process  in  which  the  magnetic  moments  reverse  their 
orientation  in  reverse  applied  fields.  For  the  two  step  magnetization  process  one  expects  that  the 
reversal  proceeds  in  very  simple  manner.  At  the  first  critical  field,  H(;i=20  Oe,  the  Fe  layer 
orients  antiparallel  to  the  Fe/Ni  magnetic  moment,  see  Fig.  3.  It  takes  then  a  larger  field,  the 
second  critical  field  H,;2.  to  reverse  the  magnetic  moment  of  the  Fe/Ni  layer.  The  total  magnetic 
moment  after  the  first  magnetization  reversal  process,  atHci,  should  be  given  by  the  difference 
Mpe/Ni-Mpe.  The  magnetic  moments  in  10Fe/13Ag/6Fe/18Ni  are  expected  to  be  close, 
Mpe=Mpe/Ni~22  hb  (per  row  of  atoms).  Therefore  one  expects  to  observe  a  nearly  zero  magnetic 
moment  at  Hci.  Fig.  3  shows  that  the  total  moment  after  the  first  jump  at  Hci  is  only  1/10  of  the 
fully  saturated  sample.  This  is  close  to  zero.  In  fact  one  should  expect  a  slightly  positive  magnetic 
moment  at  Hci  since  the  Kerr  effect  signal  of  the  Fe  layer  is  partly  attenuated  by  the  Ag  and  Fe/Ni 
layers. 


Fie  3.  Magnetization  reversal  for  a  Fig.  4.  Magnetization  reversal  for  a 

10Fe/13Ag/6Fe/18Ni  sample.  The  minor  10Fe/15Ag/6Fe/13Ni  sample.  Note  two 

loop  is  shown  in  the  dashed  frame.  Note  jumps  at  Hci  and  Hc2-  Only  after  the 

that  below  Hci  and  above  Hc2  the  total  second  jump  the  total  magneuc  moment  is 

magnetic  moment  is  close  to  zero.  close  to  zero. 

The  critical  field  Hci  =  20  Oe  is  larger  than  the  coercivity  of  the  Fc  layer.  This  is  the  effect  of 
the  coupling  between  the  Fe  layer  and  the  Fe/Ni  layer,  which  one  can  estimate  using  the  formula 

Jab  =  -  Hci  Ms  d,  (2) 

where  Jab  is  the  effective  layer-layer  coupling  per  unit  area,  Ms  is  the  magnetization  of  Fe  and 
d  is  the  thickness  of  the  Fe  layer.  This  leads  to  Jab-0.005  ergs/cm2  ^hich  is  close  to  that 
deduced  from  FMR  in  Fe/Ag/Fe(001)  structures’  with  comparable  Ag  thicknesses. 

Minor  loops,  see  Fig.  3.  show  that  one  can  reverse  the  magnetic  moment  of  the  Fe  layer  with 
respect  to  that  of  the  Fe/Ni  layer  by  cycling  a  small  applied  field  of  -18  Oe.  This  is  larger  than 
the  coercive  field  of  the  individual  10  ML  Fe  layer.  This  difference  is  caused,  most  likely,  by 
pinning  effects  of  the  magnetostatic  fields  from  the  Fe/Ni  layers. 


-1.S0  -100  -50  0  50  100  150  .300  -200  -100  0  100  200  300 


Magnetic  Field  (Oe)  Magnetic  Field  (Oe) 

Fig.  5.  Magnetization  loop  of  a  Fig.  6.  Magnetization  loop  of  a 
10Fe/l8Ag/6Fe/13Ni  sample.  The  minor  loop  i0Fe/15Ag/6Fe/18Ni.  Note  that  only  after  the 
is  shown  in  the  dashed  frame.  Note  that  after  second  magnetization  reversal  step  at  Hc2  the 
the  first  magnetization  reversal  (Hd)  the  total  MOKE  measurement  shows  the  total  magnetic 
magnetic  moment  is  well  above  zero.  moment  to  be  close  to  zero. 


489 


Even  in  the  case  of  a  two  step  magnetization  reversal  process,  the  magnetic  moment  in  the  Fe 
layer  does  not  have  to  be  oriented  entirely  in  the  direction  amiparallel  to  the  Fe/Ni  magnetic 
moment,  see  Fig.  5.  The  total  magnetic  moment  at  Hci  in  Fig.  5  is  not  close  to  zero.  Here  the 
magnetic  moment  at  H<;|  was  expected  to  be  negative  because  MFe/Ni-MFe~-2  PB  (per  row  of 
atoms).  The  large  positive  magnetic  moment  at  Hci  indicates  that  only  sonte  parts  of  the  Fe  layer 
reversed  their  magnetic  moments  with  respect  to  the  FeA'li  layer.  In  fact  many  samples  exhibited 
three  step  magnetization  reversal  processes,  see  Fig.  6.  It  is  the  second  magnetization  reversal 
step  at  Hc2,  see  Fig.  6,  which  leads  to  the  total  magnetic  moment  close  to  zero. 

By  using  high  resolution  Kerr  microscopy  >0,  the  formation  of  magnetic  domains  at  various 
applied  fields  could  be  observed,  see  Fig.  7.  The  measured  contrast  allowed  identification  of  all 
three  important  magnetic  configurations.  The  two  extreme  shades  correspond  to  fully  saturated 
regions  in  which  the  magnetic  moments  in  the  Fe  aitd  Fe/Nt  layers  are  narallel.  The  white  regions 
show  domains  oriented  parallel  to  the  forward  applied  magnetic  field;  the  dark  regions  show 
domains  oriented  parallel  to  the  reversed  magnetic  field.  In  the  grey  regions  the  magnetic  moment 
of  the  Fe  layer  is  andparallel  to  the  magnetic  moment  of  the  Fe/Ni  layer.  Fig.  7a  shows  that  at  the 
first  critical  field  Hci  (the  first  step  in  magnetization  reversal)  a  large  portion  of  the  Fe  layer 
remains  parallel  to  the  moment  of  the  Fe/Ni  layer.  At  the  second  critical  field,  Hc2.  only  a  small 
fraction  of  the  Fe  layer  remains  parallel  to  the  Fe/Ni  magnetic  moment.  Thus  in  this  sample  the 
interlayer  coupling  is  mostly  distributed  around  two  values  which  deiennine  the  critical  fields  Hci 


Fig,  7.  High  resolution  Kerr  micrographs  of  a 
10Fe/15Ag/6Fe/18Ni  sample.  (White  regions 
correspond  to  magnetic  moments  in  both 
layers  oriented  in  the  forward  direction.  Gray 
regions  correspond  to  magnetic  moments  in 
opjwsite  directions  in  the  two  layers.  Black 
regions  correspond  to  magnetic  moments  in 
both  layers  oriented  in  the  reverse  direction.) 

a.  The  distribution  of  magnetic  domains  at  the 
field  A  in  Fig.  6.  Only  the  fully  saturated 
domains  and  the  domains  with  the  magnetic 
moments  antiparaliei  are  visible. 

b.  The  domain  distribution  at  the  field  B  in 
Fig.  6.  Note  that  in  this  case  only  a  small 
fraction  of  the  studied  area  has  both  magnetic 
moments  oriented  in  the  forward  direction 
(white). 


c.  The  Kerr  micrograph  for  the  field  C  in  Fig.  6.  The  dark  domains  correspond  to  completely 
reversed  magnetic  moments.  Note  that  some  small  regions  of  the  sample  are  still  oriented  in  the 
forward  direction. 


and  Hc2.  Figs.  7b  and  7c  show  that  even  at  the  fields  between  H£3  and  Hc2  some  small  regions 
(5- 10  (im  wide)  are  still  oriented  along  the  Fe/Ni  layer.  The  interlayer  coupling  is  varying  from 
place  to  place;  small  parts  of  this  sample  exhibit  appneciable  spread  in  its  strength. 

CONCLUSIONS 

We  have  shown  that  Fe/Ag/Fe/Ni(001)  ultrathin  structures  can  exhibit  well-defined 
magnetization  loops  in  which  the  magnetization  reversal  stans  in  the  Fe  layer  only.  Several 
distinct  hysteresis  loops  were  identified.  Domain  wall  nucleation  and  subsequent  domain  wall 
propagation  plays  an  important  role  in  the  magnetization  reversal  of  the  Fe  layer.  Fe/Ag/Fe/Ni 
structures  exhibit  interlayer  coupling  that  arises  piartially  from  magnetostabr  interactions  between 
the  Fe/Ni  and  Fe  layers.  This  coupling  is  comparable  in  strength  to  exchange  couplings  seen  in 
Fe/Ag/Fe  structures.  Variations  in  the  effective  coupling  from  region  to  region  result  in  multistep 
magnetization  reversals.  The  Kerr  micrographs  show  that  these  variations  are  on  the  lateral  scale 
of  10-100  pm.  One  can  obtain  also  samples  in  which  the  Fe  layer  magnetic  moment  can  be 
reversed  in  a  single  step.  In  these  samples  the  magnetic  moment  of  the  Fe  layer  can  be  switched 
from  the  parallel  to  the  antiparallel  configuration  with  respect  to  the  magnetic  moment  of  Fe/Ni 
layer  by  cycling  applied  fields  of  the  order  of  15  to  25  Oe.  The  low  switching  fields  in  these 
structures  should  make  these  films  (when  grown  on  semi-insulating  substrates)  attractive  in 
applications  using  the  Giant  Magnetoresistance  effect. 
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Magneto  Optical  Kerr  Spectroscopy  as  a  Probe  of 
Chemical  Ordering  In  CoPt 

G.  R.  Harp,  D.  Weller,  T.  A.  Rabedeau,  R.  F.  C.  Farrow,  and  R.  F.  Marks 

IBM  Almaden  Research  Center,  650  Harry  Rd.,  San  Jose,  CA  95120-6099 

Abstract 

We  demonstrate  that  the  photon  energy  dependence  of  the  polar  Kerr  effect  can  be 
used  as  a  sensitive  probe  of  chemical  ordering  effects  in  binary  interinetallic  alloys. 
We  demonstrate  this  effect  in  the  CosoPtso  allo>\  which  is  known  to  have  a  Llo  phase 
(critical  temperature  ~825®C).  Kerr  spectra  of  the  ordered  ^ind  disordered  phases  of 
the  CosoPtso  alloy  composition  differ  drastically  from  each  other  and  the  ordered  phase 
shows  an  unprecedented,  new  peak  at  2.‘2eV  photon  energy'.  The  intensity  of  this  new 
peak  correlates  with  the  degree  of  chemical  ordering  and  the  magnetic  anisotropy  in 
these  films. 


1  Introduction 


Magneto-optical  spectroscopy  has  attracted  renewed  attention  as  a  powerful  spin- 
polarized  electronic  structure  probe  in  magnetic  thin  film  research.  Some  of  these 
recent  developments  include  the  detection  of  quantum  well  states  in  ultrathin  Fe  films 
and  multilayers  [1]  and  the  observation  of  chemical  environrnei.t  effects  in  annealed 
CoPt  alloy  films  (2j.  While  other  electronic  structure  probes  like  spin-polarized  photi>e- 
mission  spectroscopy  or  X-ray  magnetic  circular  dichroism  probe  more  directly  either 
the  initial,  occupied  electron  density  of  states  or  (even  element  specifically)  the  final, 
unoccupied  electronic  levels,  magneto-optical  techniques  due  to  their  smaller  transition 
energies  (0.5-5. 5eV)  in  general  probe  a  convolution  of  initial  and  final  slates  within 
the  valence  bands  of  a  material  which  usually  complicates  the  interpretation  of  these 
spectra.  On  the  other  hand,  neither  (ultra-)  high  vacuum  conditions  nor  syndiroiron 
radiation  are  rec\uired,  when  measuring  magneto-optical  spectra,  which  makes  this 
technique  versatile  and  convenient  to  use. 

In  this  article,  we  extend  our  previous  work  on  the  structure  dependence  of  magneto¬ 
optical  spectra  in  the  Co-Pl  intermeta  'ic  alloy  system  }2]  and  show  (or  the  first  time 
that  chemical  ordering  can  lead  to  the  development  of  new  “electronic”’  features  in  the 
Kerr  spectrum.  Near  the  CoPt  composition  range,  there  exists  a  chemically  ordered 
pha.se  with  an  order-disorder  phase  transition  temperature  of  about  850°C.  This  phase 
has  a  site  structure  corresponding  to  a  tetragonally  distorted  fee  crystal,  where  mono¬ 
layers  of  pure  Co  are  separated  by  monolayers  of  pure  Pt  along  the  (001)  direction. 
It  is  well  known  that  this  “natural  superlattice”  of  CoPt  has  a  very  large  magnetic 
an  isotropy  [3],  with  the  (001)  axis  being  the  easy  axis  of  magnetization.  This  moti¬ 
vated  our  choice  of  the  CoPt  system  since  it  is  hoped  that  we  might  acquire  insight  to 
electronic  structural  origins  of  magnetic  anisotropy. 

The  other  key  finding  is  that  we  demonstrate  how  molecular  beam  epitaxy  (MBE) 
growth  of  alloys  provides  a  direct  method  for  the  production  of  chemically  ordered 
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alloy  phases  in  their  thermodynamically  equilibrium  slate.  This  is  because  atomic 
diffusion  rates  at  the  growing  film  surface  are  higher  for  a  given  temperature  than  baU 
interdiffusion  rates.  Thus»  stable  alloy  phases  which  are  difficult  to  achieve  in  the  bulk 
because  of  kinetic  limitations  can  be  fabricated  quickly  by  MBE.  In  this  way.  MBK 
provides  a  means  for  the  study  of  a  new  class  of  low  temperature  ordered  alloy  phases. 

Finally  we  point  out  that  the  present  work  was  strongly  motivated  by  the  potential 
use  of  C  o-Pt  intermetallic  alloys  as  short  wavelength  magneto-optical  recording  malt* 
rials  because  of  suitable  Curie  temperatures,  large  perpendicular  n.agnetic  anisotropies 
arid  appropriate  hysteresis  properties  in  the  CoPt(4]  and  CoPt^lo,  6]  composition  range. 


2  Experimental 

lOOOA  thirk  C  films,  were  simultaneously  deposited  onto  both  sapphire(0001 ) 

and  MgO(001 )  substiates  at  dOO^C,  500  and  TOO^C,  following  the  growth  of  ~150.'\  Pi 
buffer  layers  at  70l.  ('.  This  procedure  lead.s  to  high  quality  (11!)  or  (001)  epitaxial 
films  of  the  CoPt  alloys.  Here  we  shall  concentrate  t  ■  the  depositions  made  in  the 
(001)  orientation  at  300°C  and  dOO^C.  and  defer  discussion  of  the  other  deposition.s  to 
a  future  article, i|.  The  lOOOA  alloy  thickness  was  chosen  to  avoid  effects  of  a  possi¬ 
ble  buffer  layer/alloy  intermixing  zone  and/or  interference  with  the  substrate  itself  on 
the  magneto  optical  spectra.  The  deposition  chamber  was  maintained  at  a  piessure 
<  4  X  lO-'^mbar  throughout  growth.  Electron  gun  sources  were  used  for  both  Co 
and  Pi,  with  deposition  rates  in  the  range  of  O.OS-  0.2A/s.  The  energ,v  dependence  of 
the  polar  Kerr  effect  wtis  measured  in  the  presence  of  saturating  magnetic  fields  using 
a  fully  automated,  zeroing  spectrometer  described  elsewhcre[8],  in  the  photon  energy 
range  0.8-5.3eV  at  room  temperature. 


3  Results 


Chemical  ordering  in  thin  films  of  CoPt  was  studied  in  1974  by  Treves  et.  al.  using 
co-deposition  by  a  sputtering  technique  followed  by  post-growth  annealing(4].  Such 
samples  had  a  (111)  texture  (using  fet  miller  index  designations),  so  that  the  CoPt 
c-axis  was  tilted  55°  from  the  surface  normal,  and  thus  the  films  had  reduced  out 
of  plane  magnetic  anisotropy.  This  method  of  sputtering  followed  by  post  growth 
anneal  has  been  recently  revisited  by  Lairson  et.  al.[9],  where  instead  of  an  alloy 
film,  the  starting  n.uterial  was  a  Co/Pt  multilayer.  The  multilayers  were  deposited 
on  MgO(OOl)  in  an  attempt  to  align  the  c-axis  of  CoPt  c.ith  the  surface  normal  and 
to  generate  perpendicular  magnet'''  anisotropy.  Here  we  have  made  a  similar  attempt 
to  generate  CoPt(OOl)  on  MgO(00!).  But  in  the  present  case  we  deposit  the  films  by 
molecular  beam  epitaxy  (MBE)  at  elevated  temperature,  and  grow  the  films  dirrrthj  in 
the  ordered  phase.  Thus,  no  post-growth  annealing  is  required.  The  latter  technique 
insures  sarr  ,  ’s  of  very  high  quality  with  regard  to  crystalline  perfection  and  degree  of 
chemical  ordering. 

Figure  1  displays  a  comparison  of  the  specular  X-ray  diffraction  intensity  for  the 
CoPt  alloys  deposited  on  MgO(OOl)  substrates  at  500°C  and  300°C.  There  are  distinct 
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differences  between  their  diffracted  intensities,  which  are  associated  with  the  presence 
of  chemical  ordering  in  the  500°C  film,  but  not  in  the  300°C  film.  In  particular,  at 
~24°  and  ~77°,  we  see  the  (001)  and  (003)  diffraction  features.  These  are  forbidden 
for  a  disordered  fee  alloy  but  are  present  in  ordered  CoPt.  These  features  are  present 
strongly  in  the  500°C  sample  but  are  2-3  orders  of  magnitude  we.iker  in  the  sample 
deposited  at  300°C.  At  300°(.,  the  (002)  feature  at  about  49°  is  split,  indicating  a 
superposition  of  ordered  and  disordered  CoPl.  Regarding  the  extent  of  the  chemical 
ordering,  we  estimate  that  in  the  .500°C  sample  the  (nominally)  pure  Co  planes  of  the 
perfect  structure  consist  of  no  more  than  10%  Pt,  and  vice  versa.  In  contrast  to  this, 
we  estimate  that  the  300°C  sample  contains  <3%  of  the  ordered  phase  in  a  disordered 
matrix.  Moreover,  for  ,300°C  growth,  the  (001)  and  (003)  features  are  shifted  slightly 
to  lower  angle,  relative  to  the  more  perfect  structure  at  .500°C.  We  take  this  as  further 
evidence  of  imperfect  ordering,  that  is,  the  tetragonal  distortion  which  accompanies 
chemical  ordering  is  not  saturated  due  to  intermixing  of  the  Co  and  Pt  layers. 

riiere  are  a  number  of  other  structures  which  need  be  identified  in  these  .X-ray 
spectra.  For  both  300°C  and  500°C  growth,  the  MgO(002)  and  Pt(002)  features  are 
strongly  evident  at  ~  43°  and  ~  47°,  respectively.  In  the  .300°C  spectrum,  however, 
the  MgO(002)  feature  shows  weaker  structures  at  slightly  lower  angles.  We  believe 
that  these  structures  arise  from  regions  of  the  substrate  which  deviate  from  the  1:1 
stoichiometry  of  .MgO.  Such  features  are  visible  in  all  .MgO  substrates  (note  weak 
shoulder  in  the  .'500°C  sample),  but  with  variable  intensity.  .Nucleation  on  these  deviant 
regions  sometimes  gives  rise  to  other  Pt  (and  CoPt)  orientations  such  as  Pt(lll)  or 
(110),  and  these  secondary  orientations  give  rise  to  scattering  features  visible  ui  the 
:)00°C  sample;  Pt(lll)  and  Pt(222)  at  ~39°  and  ~8.5°.  and  Pt(220)  at  ~66°. 

The  Kerr  spectra  from  these  two  films  are  displayed  in  figure  2.  Changes  in  elec¬ 
tronic  structure  upon  ordering  give  rise  to  significant  changes  in  the  Kerr  spectra 
between  these  two  samples.  Firstly  we  find  the  uv  Kerr  rotation  strongly  enhanced  in 
the  ordered  phase,  which  we  can  take  as  evidence  for  the  predominant  contributions  of 
spin-polarized  Pt  atoms  to  the  magneto-optical  transitions  in  that  spectral  range,  an 
effect  which  is  due  to  the  modified  Pt-Co  coordination  in  the  ordered  vs.  disordered 
phase  (for  details  see  ref.  [2]).  The  other  striking,  and  so  far  unprecedented  effect  is 
the  appearance  of  a  new  feature  at  2.2eV  in  the  spectrum  of  the  ordered  (001 )  film[l0]. 
This  feature  has  never  before  been  observed  in  Co-Pt  alloys,  and  we  find  generally  that 
it  is  correlated  with  chemical  ordering  in  CoPt. 

We  note  that  neither  rellectivity  nor  direct  optical  constant  measurements  indicated 
the  presence  of  features  correlating  with  the  enhanced  Kerr  rotation  around  2.2e\ 
ainl  attribute  the  observed  feature  to  an  enhanced  "magneto-optical  activity  Oj-y.  .X 
possible  explanation  could  be  a  stronger  confinement  of  Co  and/or  Pt  related  d  states 
in  the  quasi  two  dimensional  superlattice  environment,  which  then  accordingly  can  lead 
to  a  large  oscillator  strength  at  a  transition  energy,  which  in  the  present  case  appears 
to  be  2.2eV.  Such  states  should  be  visible  as  "localized"  d-states,  e  g.  in  photoemission 
experiments,  which  could  directly  confirm  this  hypothesis. 
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Figure  2:  Saturation  polar  Kerr  rotation  as  a  function  of  photon  energy  for  the  two 
films  of  the  previous  figure.  This  demonstrates  how  Kerr  spectroscopy  is  sensitive  to 
changes  in  the  local  chemical  environment  in  binary  alloys. 
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4  Discussion 


This  work  is  distinguislied  from  previous  work  on  CoPt  by  two  important  differences. 
The  first  is  the  method  of  growth,  and  the  second  is  by  the  cha.acterization  tech¬ 
niques  applied.  Conventional  preparation  of  chemically  ordered  alloys  involves  high 
temperature  annealing  to  induce  bulk  diffusion  and  phase  separation.  However,  high 
temperatures  also  lead  to  alloy  disorder,  even  below  the  order  disorder  transition.  On 
the  other  hand,  when  one  lowers  the  temperature  to  promote  the  chemically  ordered 
phase,  the  rate  of  diffusion  decreases  exponentially,  so  that  some  ordered  phases  (e  g. 
NiFe[ll])  may  require  extremely  low  cooling  rates  on  cosmological  time  scales  (~l°in 
10^  years)  for  chemical  ordering  and  phase  separation  below  the  order-disorder  tem¬ 
perature  of  320°C. 

MBE  deposition  therefore  has  an  advantage  over  “bulk”  methods  in  that  there  is 
an  extra  degree  of  freedom  at  the  developing  film  .surface  during  growth.  Because  sur¬ 
face  diffusion  rates  can  exceed  bulk  diffusion  rates  by  orders  of  magnitude,  chemically 
ordered  phases  may  be  established  much  more  easily  by  MBE  than  by  post-growth 
annealing  techniques.  Another  advantage  of  MBE  growth  is  that  the  surface  also  in¬ 
troduces  an  anisotropy  axis  in  the  growth  of  CoPt  which  is  not  present  in  a  bulk 
material.  Beginning  with  a  disordered  (although  crystalline)  CoPt  alloy,  chemical  or¬ 
dering  may  occur  with  the  c-axis  aligned  along  any  one  of  three  equivalent  axes  in  the 
disordered  fee  crystal:  (100),  (010),  or  (001).  However,  during  MBE  growth  the  (001) 
axis  (surface  normal)  is  clearly  inequivalent  to  the  (100)  and  (010)  axes,  generating  a 
uniaxial  alignment  of  the  c-axis  in  the  ordered  CoPt  phase. 

The  second  important  contribution  of  this  work  is  the  demonstration  that  Kerr 
spectroscopy  is  sufficiently  sensitive  to  probe  changes  in  the  spin-polarized  band  struc¬ 
ture  that  accompany  chemical  ordering  and  that  such  changes  can  be  conveniently 
detected  with  its  use.  As  mentioned  above,  Kerr  spectroscopy  has  the  advantage  of 
being  an  ex-situ  technique,  and  moreover  is  no  less  sensitive  to  polycrystalline  samples 
than  to  single  crystalline  samples  (as  is  e.g.  X-ray  diffraction). 

The  Kerr  spectrum  is  directly  related  to  the  spin-orbit  coupling  in  electron  states  in¬ 
volved  in  the  magneto-optical  transitions.  Likewise  is  the  magneto-crystalline  anisotropy 
a  spin-orbit  interaction  effect  and  correlations  between  both  measurements  have  been 
reported  recently[12].  Thus,  the  energy  dependent  saturation  Kerr  rotation  may  as  well 
give  us  a  window  into  the  important  electronic  structures  which  give  rise  to  magnetic 
anisotropy.  We  mention  that  indeed  the  new  structure  in  the  Kerr  spectrum  at  2.2eV 
in  CoPt  is  directly  correlated  with  the  onset  of  magnetic  anisotropy  in  this  system,  and 
we  shall  discuss  this  point  in  more  detail  in  a  forthcoming  publication.  In  order  to  bet¬ 
ter  understand  the  microscopic  mechanisms  which  lead  to  the  observed  drastic  changes 
in  the  magneto-optical  spectra,  first  principles  band  structure  and  magneto-optical 
calculations  are  currently  being  pursued[l3,  14]. 


5  Conclusion 


We  have  fabricated  CoPt  films  in  the  (001)  orientation  on  MgO(OOl)  at  various  temper¬ 
atures.  We  find  that  growth  at  500°C  leads  to  highly  chemically  ordered  (>90%)  films 
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of  the  Llo  phase  with  the  c-axis  perpendicular  to  the  film  surface.  Growth  of  a  similar 
film  at  300°C  gives  rise  to  a  film  which  is  almost  completely  disordered.  The  saturation 
polar  Kerr  rotation  was  measured  as  a  function  of  photon  energy  and  shows  significant 
differences  for  these  two  films.  In  particular,  a  new  feature  at  2.2eV  was  observed  in  the 
chemically  ordered  CoPt  film.  Thus  changes  in  spin-pol<irized  band  structure  which 
occur  upon  chemical  ordering  can  be  tracked  using  Kerr  spectroscopy.  Drawing  and 
analogy  with  the  field  of  semiconductors,  we  believe  that  Kerr  spectroscopy  can  play 
a  crucial  role  in  magnetic  film  characterization  similar  to  that  of  photoluminescence 
spectroscopy  of  semiconductor  films.  Both  techniques  are  exquisitely  sensitive  to  both 
short  and  long  range  ordering,  as  well  as  to  defects  and  impurities. 

Acknowledgments:  The  authors  gratefully  acknowledge  R.  Swope  for  technical  as¬ 
sistance,  and  H.  Brandle  for  helpful  conversations  regarding  the  Kerr  spectroscopic 
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ABSTRACT 

The  magneto-optical  Kerr  effect  of  CoPtj  ordered  compounds  and  alloys  is 
investigated  experimentally  and  analyzed  theoretically  using  first  principles  band 
structure  calculations. 

The  calculations  confirm  the  experimental  results  and  allow  for  the  first  time  a 
detailed,  bandstructure  based  interpretation  of  the  electronic  transitions  leading  to 
the  well  known  strong  uv  peak  at  around  4eV.  This  feature  can  be  unambiguously 
attributed  to  magneto-optical  transitions  within  the  Pt  p  and  d  bands. 


1.  INTRODUCTION 

CoPt  alloys  near  the  CoPtj  composition  have  recently  been  demonstrated 
as  perspective  magneto-optical  recording  materials  [1-4].  In  particular,  their 
excellent  static  read-out  signal  as  well  as  their  recording  performance  at  short 
wavelengths  make  these  new  materials  attractive  alternatives  to  TbFeCo,  which 
suffers  from  degrading  read-out  performance  at  short  wavelengths  and  has  a  poor 
chemical  stability. 

The  reason  for  the  good  performance  of  CoPt  alloys  as  well  as  respective 
multilayers  [5]  rests  in  the  large  Kerr  rotation,  which  typically  peaks  to  values 
up  to  O.Sdeg  at  room  temperature  near  photon  energies  of  4eV,  i.e.  in  the  uv 
spectral  range  [6-8].  It's  microscopic  origin  though,  has  been  discussed  somewhat 
controversially  in  the  recent  literature.  Based  on  a  strong  density  of  an  (initial) 
states  feature  near  4eV  binding  energy  in  X-ray  photoemission  experiments,  Weller 
et  al.  [7]  argued  that  Pt  5d  band  transitions  were  mainly  responsible. 
Spin-resolved  photoemission  work  by  Weber  et  al.  [9],  however,  did  not  provide 
evidence  for  a  spin-splitting  of  the  occupied  Pt  5d  levels  in  Pt/Co  sandwiches  and 
it  was  argued  that  interface  states  might  contribute.  On  the  other  hand,  it  is  well 
known  that  Pt  carries  a  substantial,  exchange-induced  magnetic  moment  in  these 
structures  and  its  participation  in  magneto-optical  transitions  is  undisputed.  In 
particular  it  was  found,  that  the  4eV  peak  in  CoPt  alloys  is  about  3x  larger  than 
a  respective  feature  in  CoPd  and  a  linear  correlation  with  the  spin-orbit  coupling 
parameters  of  Pt  and  Pd,  respectively,  was  pointed  out  [2].  Linearity  of  the  Kerr 
effect  in  the  spin-orbit  coupling  strength  is  expected  in  theory  as  pointed  out  first 
by  Misemer  [10]  and  recently  by  Oppeneer  et  al.  [11]  in  first-principles  band 
structure  calculations. 

Such  ab-initio  bandstructure  and  MO  calculations  have  successfully  been  applied 
to  systems  like  Fe,  Ni  and  FeCo  [II].  They  are  particularly  useful  in  providing 
microscopic  insight  into  the  electronic  nature  of  the  Kerr  effect  and  could  define 
the  tuning  parameters  for  high  Kerr  rotations  [12]. 
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We  show  here  that  bandstructure  calculations  can  indeed  describe  the  CoPt  system 
quite  well  and  will,  in  particular,  exploit  the  linear  relationship  between  Kerr  effect 
and  spin-orbit  coupling  to  determine  the  electronic  origin  of  the  uv  peak  in  CoPt. 

2.  EXPERIMENTAL 

The  films  used  for  the  present  comparison  with  theory  were  deposited  in 
ultrahigh  vacuum  on  sapphire  or  SiN^,  coated  Si(lll)  substrates.  All  films  were 
at  least  lOOOA  thick  and  standard  x-ray  diffraction  and  x-ray  fluorescence 
characterization  was  performed  to  study  their  structure  and  composition.  Polar 
Kerr  spectra,  in  the  presence  of  saturating  fields  up  to  28kOe  were  measured  in 
the  photon  energy  range  0.8-5.3eV  with  a  fully  automatic  spectrometer  described 
elsewhere  [13].  Annealing  below  the  disorder-order  temperature  of  CoPtj 
(~750“C)  in  UHV  led  to  partial  chemical  ordering  of  the  films  and  the  Kerr  effect 
was  tracked  as  function  of  the  annealing  time. 

3.  RESULTS  AND  DISCUSSION 


We  first  address  the  effect  of  chemical  ordering  on  the  Kerr  spectra  in  the 
CoPtj  composition  range,  as  the  present  calculations  are  restricted  to  ordered 
compounds  only.  In  a  previous  study,  it  was  shown  that  only  minor  changes  occur 
in  the  spectral  features  of  CoPtji  mainly,  the  room  temperature  Kerr  spectra  scale 
uniformly  with  the  magnetization  Mg,  which  drops  toward  zero  as  an  increased 
amount  of  the  ordered  phase  is  produced  by  annealing  [14].  Fig.  1  shows  this 
experimental  result. 


Photon  Energy  [eV] 


Fig.l:  Polar  Kerr  spectra  at  room 
temperature  of  a  COjjPt,,  film 
which  was  grown  at  600°C  on 
basal  plane  sapphire  and 
subsequently  annealed  for  17,  41 
and  53  hours,  respectively,  at 
680°C  in  UHV.  The  strong  uv 
peak  shiAs  to  slightly  higher 
energy  as  the  amount  of 
chemically  ordered  CoPt,  (Llj) 
phase  is  increased  by  annealing. 
The  overall  drop  of  the  Kerr 
rotation  is  due  to  a  respective 
reduction  of  the  room 
temperature  magnetization. 


By  performing  a  self-consistent  spin-polarized  band  structure  calculation 
[15]  for  CoPtj  in  the  ordered  AuCUj  structure  with  a  lattice  constant  of 
a=3.847A  we  obtain  the  partial  densities  of  slates  as  shown  in  Fig.  2.  The 
3d-states  on  the  Co  sites  form  a  4  eV  broad  band  where  the  majority  states  are 
fully  occupied  in  contrast  to  the  minority  states  which  show  a  huge  density  of 
states  at  the  Fermi  energy.  This  leads  to  a  magnetic  moment  on  the  Co  sites  of 
1.71#ig  and  an  exchange  splitting  of  about  1.6  eV  for  the  Co-d  states. 

The  bandwitUh  of  the  Pt-5d  st'f  ■  which  are  shown  in  Fig.  2(b)  is  about  8  eV. 
A  small  but  significant  admixture  oi  «p-states  to  the  5d-states  on  the  Pt  sites  is 
obvious.  Furthermore  we  obtain  a  strong  hybridization  between  Co- 3d  and  Pt-5d 
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states  close  to  the  Fermi  energy  shown  by  van  Hove  singularities  in  the  densities 
of  states  for  the  different  sites.  Especially  the  singularities  at  1  eV  below  the  Fermi 
energy  for  the  spin-up  state  and  about  1  eV  above  for  the  other  spin  direction 
support  this  result.  The  induced  magnetic  moment  on  the  Pt  atoms  is 
=0.25)1^  adding  up  to  a  total  moment  of  /ip,‘“*  =  0.30/ig  if  the  orbital 
contribution  is  included.  These  results  are  in  general  agreement  with  the 
calculations  reported  by  Kootte  et  al.  [16]. 


Energy  (eVj  Energy  (eV] 

Fig.  2;  Spin-up  and  spin-down  p-  and  d-  density-of-states  curves  calculated  from  first 
principles  for  (a)  Co  sites  (3d  and  4p)  and  (b)  Pt  sites  (5d  and  6p)  in  CoPt,  in  the 
ordered  AuCuj  structure  (a=3.847A).  Van  Hove  singularities  are  observed  at  ~leV 
above  and  below  the  Fermi  energy,  indicative  of  strong  hybridization  of  Pt  and  Co 
d-states  in  that  energy  range.  These  results  agree  with  those  reported  by  Kootte  et 
al.  [16]. 

The  exchange  splitting  of  the  Pt-d  states  is  found  to  be  0.16  eV,  i.e.  one  order 
of  magnitude  smaller  than  for  the  Co-d  states.  By  calculating  the  macroscopic 
conductivity  tensor  5  we  are  able  to  determine  the  Kerr  rotation  spectra  from  first 
principles  according  to: 
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Here  5„  and  denote  the  complex  diagonal  and  off-diagonal  parts  of  the 
conductivity  tensor  and  n  is  the  cornplex  index  of  refraction,  which  relates  to  the 
diagonal  conductivity  as  ii  =  yJV+iinaJw  .  The  conducticity  tensor  itself  can 
be  related  to  microscopic  optical  transitions  using  the  Kubo  formula  (for  details 
see  Wang  and  Callaway  [17]).  For  the  interband  contributions  to  this  tensor  we 
obtain  [11]: 


'xy' 


m^h 


1 


■H{ 


nr„n];, 


it  / 


to  -  "nW  + 


w  +  u>„i(k)  +  id 


}  f2) 


't 


i,. 


S04 


=  ■ 


occ  unocc 


m^h 


LLL^<— 


in," 


(inr„i') 


o)  —  +  iS  Cl)  +  co„/(k)  +  id 


(3) 


with  S  being  a  phenomenological  lifetime  parameter,  and  co^  the  energy  difference 
between  an  occupied  and  an  unoccupied  state. 
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Fig.  3:  Calculated  (— )  and 
experimental  (•)  polar  Kerr 
rotation  as  function  of  photon 
energy  of  CoPt,.  The 
experimental  data  were  obtained 
from  a  lOOOA  thick. 
polycrystalUne  and  disordered 
Co,,Pt,j  film,  LHV  grown  at 
300“C  on  SiN„  buffered  Si(  1 1 1 ). 
Good  agreement  is  obtained  by 
multiplying  the  spectrum  by  a 
scaling  factor  of  1.5  to  take  into 
account  the  reduced  room 
temperature  magnetiitation  at  this 
Co-Pt  composition. 


The  summations  are  carried  out  over  all  occupied  and  unoccupied  states  1  and  n. 
respectively,  within  the  Brillouin  zone,  n  are  the  matrix  elements  of  the 
momentum  operator.  Additional  intraband  contributions  to  the  conductivity  tensor 
are  omitted  in  this  paper. 

Fig.  3  shows  a  comparison  of  the  calculated  and  experimental  Kerr  rotation  as  a 
function  of  the  photon  energy.  The  lifetime  parameter  in  the  calculations  was 
chosen  to  5=  0.2  eV.  We  find  two  maxima  in  agreement  with  the  experiment, 
one  in  the  ir  region  and  the  other  one  in  the  uv  region,  which  shows  a  Kerr 
rotation  up  to  0.8®.  The  result  agrees  well  with  the  experimental  data  (dots  in 
Fig.  3),  especially  in  view  of  the  various  parameters  that  enter  both  the  expieriment 
and  the  calculation.  The  ir  region,  in  particular,  is  expected  to  be  affected  by 
intraband  contributions,  which  are  omitted  in  the  present  ab-initio  calculations  as 
stated  above.  This  might  explain  the  blueshift  in  the  theoretical  data.  The  shift 
in  the  uv  region  is  most  likely  due  to  imperfect  chemical  ordering  of  the  present 
sample.  The  experimental  data  were  multiplied  by  a  constant  factor  of  1.5,  to  take 
into  account  the  temperature  dependence  of  the  magnetization,  which  at  the 
present  composition  is  already  considerably  reduced  at  room  temperature  as 
compared  to  low  temperatures,  where  the  ground  state  calculations  were  carried 
out. 

To  study  the  origin  of  the  maxima  we  make  use  of  the  scaling  property  of  the 
Kerr  rotation  with  the  spin  orbit  coupling  parameter  J  (ref.  Oppeneer  et  al.[I2]). 
This  value  will  normally  be  determined  self-consistently,  however,  by  using  the 
Atomic  Sphere  Approximation  (ASA),  we  are  able  to  multiply  the  parameter  i 
by  a  constant  factor  separately  for  each  atomic  site.  The  result  for  the  Kerr 
rotation  with  different  spin-orbit  coupling  parameters  for  Co  and  Pt  are  shown  in 
Fig.4.  On  the  left  hand  side  (Fig.4(a))  we  have  increased  by  a  factor  of  two 
keeping  ijp,  constant,  whereas  the  right  hand  picture  (Fig.4(b))  represents  the 
opposite  situation.  In  the  ir  region  (up  to  3  eV)  we  observe  for  both  cases  only  a 
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moderate  change  in  the  Kerr  rotation.  This  result  can  be  explained  by  the  strong 
hybridization  of  Co-d  and  Pt-d  states  close  to  the  Fermi  energy,  so  that  a  non-zero 
value  of  the  lifetime  parameter  will  wipe  out  the  scaling  properties  of  the  Kerr 
rotation.  In  the  uv  region  (around  4.5  eV)  it  is  clearly  seen  that  increasing  the 
spin-orbit  coupling  parameter  on  the  Pt  sites  leads  to  an  increase  of  the  Kerr 
rotation,  roughly  proportional  to  atoms  show  no  significant 

contribution  in  this  energy  region.  Whether  the  maximum  at  4.5  eV  has  its  origin 
from  transitions  of  occupied  Pt-d  to  unoccupied  Pt-p  states  or  vice  versa  cannot 
yet  be  determined  from  the  present  analysis. 


Photon  Energy  (eV]  Photon  Energy  [eV] 


Fig.4:  Calculated  Kerr  rotation  spectra  of  CoPt,  in  the  ordered  AuCUj  structure. 
Compared  to  Fig.2  we  used  a  smaller  number  of  k-points  for  the  integration.  The 
spin-orbit  coupling  parameter  was  selectively  enhanced  by  a  factor  of  2  for  Co  sites 
(a)  and  Pt  sites  (b),  respectively,  to  study  the  scaling  behavior  with  and  the 
origin  of  the  strong  uv  peak  in  the  Kerr  spectra. 


4.  CONCLUSIONS 

The  calculated  Kerr  rotation  of  CoPtj  shows  excellent  agreement  with 
experimental  data.  We  have  shown,  that  the  Kerr  spectra  in  the  uv  region  are 
dominated  by  transitions  on  the  Pt  sites.  Strong  hybridization  of  Pt  and  Co 
d'States  near  the  Fermi  level  are  obvious  from  density  of  states  calculations, 
however,  no  spin-splitting  is  seen  at  binding  energies  around  4eV  in  agreement 
with  recent  spin-polarized  photoemission  results  [9]. 
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ABSTRACT 

We  have  successfully  grown  thermodynamically  stable  ferromagnetic  Mn^Gai-x 
(j=0.55-0.60)  thin  films  with  thicknesses  ranging  from  3  nm  to  60  nm  on  GaAs  substrates  by 
molecular  beam  epitaxy.  The  c-axis  of  the  tetragonal  strucmie  of  the  MnGa  film  is  shown  to  be 
aligned  perpendicular  to  the  substrate.  Both  magnetization  measurements  and  extraordinary  Hall 
effect  measurements  indicate  perpendicular  magnetization  of  the  MnGa  films,  exhibiting  square- 
like  hysteresis  characteristics.  Furthermore,  we  have  investigated  the  effect  of  Ni  additions  as  a 
substitution  for  Mn  in  (Mn^t^yNiylGaao  alloy  thin  films  with  y=0  -  30  at%  Ni.  With  increasing 
Ni,  the  perpendicular  component  of  the  magnetization  becomes  smaller  up  to  y=18  where  the 
magnetization  is  in-plane.  At  y=30,  the  magnetization  is  again  perpendicular. 

INTRODUCTION 

Epitaxial  growth  of  ferromagnetic  thin  films  on  III-V  semiconductors  can  lead  to  the 
integration  of  magnetic  effects  with  high  speed  Ill-V  electronics/photonics  J 1  J.  offering  a  wide 
range  of  possibilities  for  producing  new  devices  such  as  non-volatile  memory  coupled  with 
underlying  Ill-V  circuitry.  Although  most  of  the  magnetic  thin  films  so  far  obtained  have  in¬ 
plane  magnetization  due  to  the  shape  anisotropy  (2),  many  potential  applications  of  ferromagnetic 
films  require  magnetization  perpendicular  to  the  substrate,  both  to  allow  higher  storage  density  in 
magnetic  storage  applications  and  to  allow  the  use  of  extraordinary  Hall  effect  (EHE)  and 
magneto-optic  Kerr  effect  (MOKE). 

Recently,  we  have  explored  the  growth  of  metastable  tMnAl  on  GaAs  substrates  by 
molecular  beam  epitaxy  (MBE),  and  found  that  heteroepitaxy  helps  to  align  the  magnetization 
direction  of  the  MnAl  film,  which  lies  along  the  c-axis  of  the  tetragonal  unit  cell  of  t  phase,  in  an 
orientation  perpendicular  to  the  substrate  [31[4).  In  this  paper,  we  present  our  study  of  the  MBE 
growth  of  Mn,Gai_,  (x=0.55  -  0.60),  the  stable  ferromagnetic  Ga-based  phase,  compatible  with 
GaAs  substrates  in  epitaxy  due  to  the  shared  group  III  atom  in  the  MnGa/GaAs  couple.  It  is 
shown  that  the  MBE-grown  MnGa  films  indeed  have  perpendicular  magnetization,  ^uare-like 
EHE  hysteresis  characteristics,  and  a  high  value  of  remanent  magnetization,  making  them  a 
promising  candidate  for  applications  in  certain  non-volatile  magnetic  memory  coupled  with  Ill-V 
optical  and/or  electronic  devices.  Furthermore,  we  have  investigated  the  MBE  growth  of  (Mn^o- 
yNiy)Ga40  alloy  films  with  y=0  -  30  at  %  Ni  and  the  dependence  of  the  magnetic  properties  on 
the  Ni  composition. 

MBE  GROWTH 

Unlike  metastable  tMnAl,  Mn,Gai_,  with  x=0.55  -  0.60  is  a  thermodynamically  stable 
ferromagnetic  phase  in  the  bulk  Mn-Ga  system  I51[6J.  In  the  bulk,  the  single  phase  region  was 
found  to  extend  from  54.5  to  60.0  at%  Mn  at  450°C  [6],  The  crystal  structure  of  the  MnGa  is 
tetragonal,  analogous  to  that  of  tMnAl,  with  an  order^  crystal  structure  of  the  CuAu  type.  The 
Mn-Mn  spacing  in  the  basal  plane  {ag)  is  0.274nm,  independent  of  the  Mn  content,  and  along  the 
c-axis  Icg)  is  0.365nm  at  56%  Mn  and  0.369  nm  at  59%  Mn,  respectively.  The  easy 
magnetization  direction  is  along  the  c-axis.  Since  Og  is  close  to  half  of  the  lattice  constant  of 
GaAs  (0.283nm)  with  a  lattice  mismatch  of  only  3.8%,  the  orientation  relationship  with  the  c- 
axis  of  the  MnCja  parallel  to  the  surface  normal  of  the  (001)  GaAs  substrates  is  expected,  as 
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Fig.  1  (a)  Crystal  structures  and  epitaxial  orientation  of 
MnGa  on  GaAs.  (b)  Cross  sectional  transmission  electron 
microscopy  (TEM)  image  taken  from  a  lOnm-ihick 
Mn^oGaao  film  on  GaAs. 


shown  in  Fig.  1  (a). 

The  growth  of  MnGa  on  (001)  GaAs  was  performed  with  a  conventional  Ill-V  MBE 
machine  (Riber-2300)  with  effusion  cells  for  Mn,  Ni,  Ga  and  As,  using  the  multistep  technique 
analogous  to  that  employed  in  the  growth  of  tMnAl/AlAs/GaAs  131(4)  Since  the  details  of  the 
growth  have  been  reported  previously  j?),  we  briefly  summarize  the  growth  procedure  here. 
After  a  lOOnm-thick  GaAs  buffer  layer  was  grown  at  580“C  under  conventional  III-V  growth 
conditions,  the  substrate  tempcratuic  was  cooled  to  20  -  40“C  while  completely  eliminating  the 
As  flux.  Then  a  thin  (about  0.9nm-thick)  amorphous  MnGa  template  was  deposited  at  20  - 
40°C.  The  amorphous  template  was  next  heated  up  to  200  -  250vC  to  form  a  monocry  stalline 
template  by  solid  phase  epitaxy.  After  the  template  with  the  desired  epitaxial  relation  was  thus 
established,  Mn  and  Ga  were  subsequently  codeposited  at  150  -  200°C  at  a  growth  rate  of 
O.OSpm/hr,  to  a  final  Mn,Gai,,  thickness  of  3  -  60nm.  The  Mn  content  x  was  set  to  55%  -  60% 
in  the  present  study.  Finally,  postgrowth  annealing  was  performed  at  300  -  410°C  for  2 
minutes.  Such  annealing  at  a  temperature  Ta  of  at  least  3(X)“C  was  found  to  be  necessary  in 
order  to  improve  the  structural  and  magnetic  properties  of  the  MnGa  film. 

STRUCTURAL  AND  MAGNETIC  PROPERTIES  OF  MnGa  THIN  FILMS 

The  epitaxial  MnGa  with  its  c-axis  aligned  normal  to  the  substrate  was  confirmed  first  by  in 
situ  reflection  high  energy  electron  diffraction  (RHEED)  and  also  by  cioss  sectional  transmission 
electron  microscopy  (TEM).  Figure  1  (b)  shows  a  <1 10>  TEM  lattice  image  of  the  lOnm-thick 
Mn^oGaao  film  grown  on  GaAs,  indicating  that  a  monocrystalline  MnGa  layer  was  indeeu  grown 
with  the  c-axis  properly  oriented  perpendicular  to  the  GaAs  substrate.  The  interface  between  the 
MnGa  and  the  GaAs  is  found  to  be  very  smooth  and  abrupt,  and  no  interfacial  transition  layer 
was  observed.  The  horizontal  lattice  fringes  with  a  spacing  of  0.31nm  correspond  to  the  (001) 
planes  of  the  tetragonal  structure  of  the  MnGa.  This  value  of  the  c  parameter  in  the  present 
epitaxial  MnGa  film  is  significantly  smaller  than  that  of  bulk  MnGa  (0.36-0.37nm)  15116)  and  a 
MBE-grown  MnGa  film  (0.35nm)  with  greater  (30nm)  thickness  18].  Although  the  reason  for 
the  reduced  tetragonality  is  not  yet  clear,  the  explanation  may  be  that  the  present  MBE  film  is 
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Fig.  2  Extraordinury  Hall  effect  (EHE) 
as  a  function  of  perpendicular  magnetic 
field  for  a  lOnm-thick  Mn5j(Ga42  film  at 
room  temperature.  The  inset  shows  the 
geometry  of  the  measurement.  The  Mr 
value  perpendicular  to  the  film  plane  is 
also  shown. 


composed  of  an  intermediate  phase  between  the  tetragonal  phase  and  cubic  phase,  stabilized  by 
the  coherent  epitaxy,  as  has  been  shown  in  the  case  of  MnNiAl  19||  lO). 

To  investigate  the  magnetic  properties  of  the  epitaxial  MnGa  films,  we  performed  vibrating 
sample  magnetometer  (VSM)  measurements  as  a  function  of  magnetic  field  perpendicular  to  the 
substrate  at  room  temperature.  Fairly  square  hysteresis  loops  were  observed  at  room  temperature 
[71,  offering  direct  evidence  of  the  desired  perpendicular  magnetization.  Similar  results  were 
obtained  in  all  the  .samples  of  MnGa  with  Mn  content  ranging  from  55%  to  60%.  The  remanent 
magnetization  Mr  along  the  c-axis  was  estimated  to  be  1 13  -  225  emu/cm-',  and  the  coercive  field 
He  was  0.83  -  3.15  kOe. 

The  Hall  effect  measured  in  a  ferromagnetic  film  is  known  to  have  an  "extraordinary" 
component  resulting  from  the  asymmetric  scattering  of  carriers  w  ith  magnetic  atoms  1 1 1 1.  The 
extraordinary  Hall  effect  (EHE)  is  very  useful  in  this  ca.se  because  the  Hall  resistivity  measured 
in  a  patterned  Hall  bar  in  the  MnGa  films  is  proponional  to  the  magnetic  moment  perpendicular  to 
the  film  plane.  Figure  2  shows  an  example  of  Had  resistance  Rxy  vs.  perpendicular  magnetic 
field  measured  at  room  temperature  on  a  200pm-wide  Hall  bar  fabricated  in  a  lOnm-thick 
Mn5gGa42  film  prepared  with  Ta  =  30O>C.  One  can  see  a  fairly  square  hysteresis  loop  with 
nearly  100%  remanence.  Hall  resistance  Rxy  of  3.5  H  (corresponding  Hall  resistivity  pxy  of  3.5 
pJJcm)  and  He  of  1.46  kOe.  Similar  square-like  hysteresis  loops  were  observed  in  the  EHE 
measurements  in  all  the  present  MnGa  samples,  indicating  a  large  component  of  perpendicular 
magnetization,  consistent  with  the  VSM  measurement  results.  The  EHE  resistivity  pxy  ".ns 
found  to  vary  from  0. 1  liiicm  to  4  pflem,  depending  on  the  growth  parameters. 

The  magnetic  and  magnetotransport  properties  of  the  MBE-grown  MnGa  films,  such  as 
remanent  magnetization  Mr,  saturation  magnetization  A/.,,  coercive  field  He  .  Hall  resistance  Rx% 
and  Hall  resistivity  px_y,  depend  on  the  various  growth  parameters  such  as  growth  temperature 
Tg,  postgrowth  annealing  temperature  T^.  Mn  composition  x.  and  thickness  of  the  MnGa  film  t. 
Here,  we  briefly  describe  the  change  in  the  properties  of  Mn(,()Ga4()  films  gro'  n  at  Tg=20{>'C 
and  at  Ta  =  35()°C  when  the  thickness  t  was  varied  from  3  nm  to  60  nm.  Over  the  entire  range  of 
the  thickness  explored  here,  perpendicular  magnetization  was  evidenced  by  both  VSM  and  EHE 
measurements  and  electrical  continuity  in  each  of  the  films  was  confirmed.  Figure  3  shows  a  set 
of  plots  of  Hall  resistance  as  a  function  of  perpendicular  magnetic  field  at  room  temperature  on 
the  MngoGaao  films  with  r=3nm  (a).  lOnm  (b),  and  60nm  (c).  With  the  change  of  film 
thickness,  the  value  of  Rxy  (=Pxy/i)  changes  drastically,  from  about  2  U  to  0.07  fi.  The  value  of 
coercive  field  He  was  maximum  (3.15  k^Oc)  at  r=10nm,  and  minimum  (0.85  kOe)  at  r=60nm. 
The  VSM  measurement  showed  that  the  saturation  magnetization  Ms  of  the  60nm-thick  film  was 
394  emu/cm^,  as  high  as  the  bulk  value  of  390emu/cm5  indicating  the  high  quality  of  the 
MBE  film.  This  growth  parameter  dependence  can  allow  us  to  control  the  magnetic  properties  in 
these  MBE-grown  films. 
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Fig. 3  Hall  resistance  vs.  perpendicular 
magnetic  field  at  room  temperature  tor  the 
Mn6yGa4o  films  with  thicknesses  of  (a) 
3nm,  (b)  lOnm,  and  (c)  60nm.  Note  the 
widely  differing  >'-axis  scales. 


Ni  ADDITIONS:  (MntO  yNiylGaao  ALLOY  THIN  FILMS 

The  addition  of  Ni  to  the  MnGa  films  is  expected  to  lead  to  the  reduction  of  the  tetragonality 
of  the  lattice.  This  should  in  turn  decrease  the  magnetocrystalline  anisotropy,  resulting  in  a 
change  in  magnetic  properties,  as  in  the  case  of  MnNiAl  thin  films  |9|.  In  order  to  explore  the 
effect  of  Ni  additions  on  the  structural  and  magnetic  propenies,  we  have  fabricated  a  series  of 
(MnNi)Ga  samples  where  Ni  was  substituted  for  Mn  in  MngoGaao  films  over  the  range  of  4%  to 
30%  atomic  fraction  of  Ni.  The  growth  procedures  and  conditions  in  the  MnNiGa  films  are  the 
same  as  in  the  case  of  MnGa,  except  that  the  growth  temperature  was  2fX)  -  220“C,  a  little  higher 
than  that  of  MnGa. 

Figure  4  shows  a  series  of  RHEED  patterns  along  the  M0>  azimuth  taken  from  the  lOnm- 
thick  (Mngo-yNiyfGaao  films  with  various  Ni  content  (y=4,  8,  18  and  30  at%  Ni),  both  for  as- 
grown  surfaces  and  for  the  surfaces  after  the  postgrowth  annealing  at  300°C  for  2  minutes. 
These  streaky  patterns  suggest  that  monocrystalline  epitaxial  films  are  obtained  with  very  smooth 
surface.,  over  the  entire  range  explored  here.  The  postgrowth  annealing  was  found  to  be 
effective  in  improving  the  RHEED  quality.  As  the  value  of  y  increases,  the  RHEED  pattern 
becomes  more  streaky  and  sharper.  For  the  MnNiGa  with  y=30,  one  can  see  a  (4x4) 
reconstruction  on  the  as  grown  surface  which  changed  into  a  sharp  (2x2)  reconstruction  after  the 
annealing,  while  (2x2)  reconstructions  are  seen  for  the  MnNiGa  with  y<30. 


Mn4}NM«Ga40  lOnm 
n  Mr*30emu/c:m> 


Fig.  4  A  series  of  RHEED  patterns  along  the  <1 10> 
azimuth  taken  of  lOnm-thick  (MnftO-yNiyKjaao  films 
with  various  Ni  content  (>=4,  8.  18  and  30  at  %  Ni 
as  indicated).  The  left  hand  pictures  are  taken  from 
the  as  grown  surfaces,  and  right  hand  ones  are  from 
the  surfaces  after  the  posigrowth  annealing  at  300“C 
for  2  minutes. 


Fig.  5  EHE  characteristics  are  plotted  as  a  function 
of  applied  magnetic  field  perpendicular  to  the  film 
plane,  and  the  Mr  values  are  shown  with  the 
magnetization  directions,  where  J.  and  //  denote 
perpendicular  and  in-plane  magnetization, 
respectively. 
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To  investigaie  the  magnetic  properties,  we  performed  VSM  and  EHE  measurements  at  room 
temperature.  The  results  arc  summarized  in  Fig.  5,  where  the  EHE  characteristics  are  plotted  as  a 
function  of  magnetic  field  applied  perpendicular  to  the  film  plane.  The  Af,  values  and  the 
magnetization  directions  measured  by  VSM  are  also  shown  in  the  figures.  It  was  found  that  the 
perpendicular  magnetization  decreases  and  the  EHE  hysteresis  loop  becomes  smaller  with 
increasing  Ni  content  (y  varing  from  0  to  18),  as  shown  in  Fig.  2  and  Figs.  5  (a),  (b)  and  (c). 
The  VSM  measurements  revealed  that  the  MnNiGa  films  with  y=4  and  >=8  have  smaller  values 
of  M,  (87  emu/cm^  and  24  emu/cm^,  respectively),  along  the  perpendicular  direction,  than  the 
Mr  (>  1 10  emu/cm^)  of  MnGa.  However,  it  was  found  that  the  MnNiGa  film  with  >=8  has 
some  in-plane  component  of  n.agnetization  though  the  dominant  component  is  perpendicular.  It 
was  also  found  that  the  MnNiGa  film  with  y=18  has  almost  no  perpendicular  magnetization,  but 
rather  a  dominantly  in-plane  magnetization.  This  result  suggests  that  the  epitaxial  relationship  of 
Fig.  1  (a)  may  not  be  realized  in  the  Mn42Ni|8Ga4(VGaAs  heterostructure,  and  the  c-axis  of  the 
MnNiGa  may  instead  be  aligned  in  the  (001)  plane  of  GaAs.  Alternatively,  the  magneto¬ 
crystalline  anisotropy  may  be  overcome  by  the  shape  anisotropy,  yielding  in-plane 
magnetization.  This  could  result  from  the  reduced  tetragonality  of  the  MnNiGa  with  such  a  high 
Ni  content,  though  a  more  detailed  structural  analysis  is  necessary.  Furthermore,  it  was  found 
that  when  we  further  increase  the  Ni  addition  up  to  y=30,  the  MnNiGa  shows  perpendicular 
magnetization  and  a  square-like  EHE  hysteresis  loop  again,  as  shown  in  Fig.  5  (d),  though  both 
the  values  of  Mr  and  pxy  are  significantly  smaller  than  those  of  MnGa.  Thus  the  Ni  content 
dependence  of  the  magnetic  properties  of  the  MnNiGa  alloy  films  was  found  to  be  more  complex 
than  that  of  MnNiAl  alloy  films  (91. 


CONCLUSIONS 

We  have  successfully  grown  ferromagnetic  MnGa  films  on  GaAs  by  MBE.  The  long  axis 
(c-axis)  of  the  tetragonal  structure  of  the  MnGa  film  is  aligned  perpendicular  to  the  substrate. 
Both  VSM  and  EHE  measurements  confirm  this  perpendicular  magnetization,  and  exhibit  square¬ 
like  hysteresis  loops  in  our  MnGa  films  with  thicknesses  ranging  from  3nm  to  60nm  at  room 
temperature.  The  growth  and  magnetic  properties  of  Mneo-yNiyGaao  alloy  films  on  GaAs  were 
also  explored.  With  increasing  Ni,  the  perpendicular  component  of  the  magnetization  becomes 
smaller  and  the  alloy  film  at  y=18  shows  in-plane  magnetization,  while  the  film  at  >’=30  shows 
perpendicular  magnetization. 
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ABSTRACT 

The  effect  of  magnetic  coupling  in  multi-layer  system  is  discussed  by  an  analytic 
approach  and  computer  simulation.  The  dependence  of  the  enhancement  of  external  field 
on  the  magnetic  properties  of  the  relevant  materials  is  studied.  Comparison  between  the 
theoretical  estimate,  simulation  result  and  experimental  observations  ate  presented. 

INTRODUCTION 

It  is  found  by  experiments  that  the  strength  of  external  field  for  complete  recording 
in  a  disk  with  a  recording  film  capped  with  an  in-plane  magnetized  film  is  one-tenth  of 
that  for  the  conventional  magneto-optical  (MO)  disk  which  consists  of  single  magnetic 
film[l].  The  mechanism  of  this  effect  is  revealed  theoretically  first  by  Hu  ct  al.  [2].  The 
purpose  of  the  present  study  is  to  investigate  the  dependence  of  the  capping  clfect  on  the 
magnetic  properties  of  the  relevant  materials  which  is  very  important  in  practical  point 
of  view  such  as  the  field- modulation  recording  in  MO  disk. 

DEFINITION  AND  FORMALISM 


z 


Al 

*  *  Kui 

i  A2 

\  Ku2 

Figure  \.  Double-film  system  studied  in  the  present  work[2]. 

We  study  a  magnetic  double-film  system,  where  the  easy-axis  of  the  cap|)ing  film 
(film-1)  is  horizontal  whereas  vertical  in  the  recording  film  (film-2).  We  take  c-axis  per¬ 
pendicular  to  the  films  and  its  origin  at  the  interface  as  shown  in  Fig.l.  The  angle  from 
the  negative  direction  of  z-axis  is  used  to  describe  the  configuration  of  magnetizations 
and  it  is  considered  to  be  uniform  in  i  and  y  directions. 

Table  1:  Magnetic  Constants  an<l  Film  Diiiiensions[2] 


Quantity 

jilm-l 

fitm-2 

Material 

TbPeCo 

PtCo 

Af.kmuAcl 

32.1 

10.0 

A[erg/cm] 

1.3x10-* 

9.2x10-* 

.3.3x10* 

9.2x10* 

Thichne.ss[.d] 

200 

3.30 

Mat.  Res.  Soc.  Symp.  Proc.  Vo(.  313.  ‘1993  Materials  Research  Society 
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The  total  mcignetic  energy  per  unit  area  is 


7  =  ^  [At{^]-  +  h\cos^  <fi+M,iH„tCosip]dz+ j  [.42(^)^  +  A'2sin-^  V3+ i:os 

'  .  .  '  ^  <') 
with  v4i(2)  and  A  1(2)  standing  for  the  stiffness  constant  and  the  anisotropy  constant, 

which  consists  of  the  uniaxial  anisotropy  part  and  the  demagnetization  part,  for  the 
capping(recording)  film.  The  direction  of  the  magnetization  is  supposed  to  be  continuous 
at  the  interface  between  the  films  within  the  present  continuous  approximation.  The 
recording  field  //,,!  is  taken  positive  if  it  is  applied  in  the  positive  direction  of  ^-axis. 

In  terms  of  the  variational  method  to  the  energy  ( 1 )  we  can  derive  differential  etiualions 
for  the  function  We  have  found  that  the  magnetic  coupling  between  the  film  can 

be  regarded  as  a  local  magnetic  field  on  the  magnetizations  of  the  recording  film: 


and  explicitly 


A\(d^/dz)- 

A/,2  cos  if> 


(->) 


H  -  tl  _  1  A'„2 

'*'■  cosv?^  2<-os^'fi/2y  M,,' 


(■•<) 


where  Aj2  =  .[4'  ^  direction  of  the  magnetization  v’!.:)  is  determined 

by  a  single  non-lincar  equation  including  Jacobian  elliptic  functions  with  the  magnetic 
constants,  the  thickness  of  the  films  and  the  external  field  as  parameters.  In  other  words, 
the  magnetizations  in  the  recording  film  feels  an  additional  field  to  the  e.xternal  tnre  from 
the  magnetic  coupling  with  the  rapping  film  with  horizontal  easy-axis. 


FIELD  ENHANCEMENT 


In  the  present  section  the  field  enhancement  //„p  is  investigated  quantitatively  with 
emphasis  on  its  profile  in  the  recording  film  and  its  dependence  on  the  thickness  of  the 
capping  film,  temperature  and  the  external  field. 

Configuration  of  magnetization 


90 


Figure  2;  Configuration  of  magnetizations  under  the  external  field  of  //„,  =  50Oe  and 
temperature  of  T  =  160°C[2]. 

Typical  configuration  of  the  magnetization  is  shown  in  Fig.2.  It  is  found  that  the 
direction  of  magnetization  decays  very  quickly  to  zero  inside  the  recording  film.  This 


515 


corresponds  to  the  fact  that  memory  can  he  recorded  firmly  in  the  recording  film  even 
with  an  additional  film  capped  on. 

Comparison  with  experiments 

Let  us  first  evaluate  //c»p  at  typical  conditions  of  experiments  and  make  some  com¬ 
parison  between  the  present  theoretical  result  with  experimental  observations.  Let  us 
study  the  case  of  external  field  //„[  =  50Oe  since  this  is  the  minimum  external  field  for 
complete  recording  in  such  syslem[l).  The  field  enhancement  is  ~  IST.OOe. 

500  ; - , 


400  ■ 


-200  -100  0 
Z(A) 

Figure  .1:  Profile  of  field  enhancement  under  the  same  conditions  for  Fig.2['2]. 

Under  the  uniform  external  field  of  =  50Oe,  the  magnetizations  at  the  interface 
experience  an  effective  field  of  about  550Oe.  The  last  digit  is  near  to  the  minimum  field 
//,xi  ~  6000e  for  complete  recording  in  a  conventional  disk  with  single  magnet ic-filn^-f] 
Since  the  field  enhancement  assumes  its  maximum  at  the  interface  and  drops  very  quickly 
inside  the  recording  film  as  seen  in  Fig.3,  nucleation  of  the  reversal  magnetization  lakes 
place  at  the  interface  with  the  highest  probability.  As  the  magnetizations  at  the  interface 
(z  =  0)  are  reversed,  the  locus  where  the  maximum  field  enhancement  is  assumed  shifts 
inside  the  recording  film.  It  in  turn  results  in  magnetization  reversal  at  a  deeper  part  of  the 
recording  film.  Putting  it  in  other  words,  nucleation  occurred  at  the  interface  is  followed 
by  a  movement  of  magnetic  wall.  Therefore,  the  coincidence  between  our  theoretical 
estimate  of  field  enhancement  and  the  experimental  observations  provides  a  numerical 
evidence  for  the  nucleation  and  followed  by  wall-movement  mechanism  of  magnetizalion 
reversal  in  magneto-optical  recording. 

Dependence  on  the  thickness  of  the  capping  film 


We  have  found  that  tli..-  field  enhancement  shows  a  strong  non-linear  dependence  on 
the  thickness  of  the  capp;r  g  film[2];  There  is  a  minimum  thickness  of  the  capping  film  so 
as  to  show  capping  effect;  the  field  enhancement  saturates  at  large  film  thickness.  The 
behavior  at  the  temperature  of  T  =  160°C  and  the  external  field  of  =  50Oe  is  shown 
in  Fig. 4. 

We  have  found  theoretically  that  minimum  thickness  corresponds  to  the  bifurcation 
point  of  differential  equation  discussed  in  the  preceding  section;  below  the  minimum 
thickness  there  is  only  a  trivial  solution  =  0  in  the  whole  system  where  no  capping 
effect  exists  while  above  it  there  appears  a  non-uniform  solution  as  shown  in  Fig.2.  The 
analytic  expression  for  the  minimum  thickness  is[2]; 


*^nun  =  V'4i/A'»i(l  +  £t/2)tan 


-  E2/2) 

JA,K,,{1  +  E,/2)' 
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The  critical  thickness  is  about  a„„„  =  9-1. SA  for  the  system  described  in  label  1  I  he 
critical  behavior  is  of  the  following  form; 

“  ^cap(n  0(njn)-  (■-*) 
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Figure  I'.  Field  enhancement  vs  thickness  of  the  capping  film  under  the  external  field 
/f,,,  =  50Oe  and  temperature  of  T  =  30°C{2l. 


Dependence  on  temperature  and  externa/  field 


Figure  5;  Field  enhancement  as  function  of  the  temperature  and  the  external  field  for  the 
thickness  of  the  capping  film  a  =  200A. 

It  is  found  that  the  enhancement  of  the  external  field  by  the  capping  film  drops  as 
the  temperature  increases.  It  is  because  the  Curie  point  of  the  capping  film  is  about 
170’C[2].  Above  this  temperature  no  magnetic  coupling  is  present  and  no  capping  effect 
can  be  expected. 

Simulation 

Computer  simulation  is  performed  in  order  to  study  the  capping  effect  in  real-time 
recording  process  and  the  final  recorded  mark.  The  dimensions  of  the  region  for  simulation 
are  12pm  in  the  rotating  direction  and  8pm  in  the  radius  direction.  By  dividing  space  into 
nearly  270  thousand  =  O.Ipm  x  0.  Ipm  meshes  and  the  recording  period  into  2.5nsec 
time  steps,  we  have  solved  the  thermal  diffusion  equation  with  a  specifically  developed 
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computer  language  DEQSOL  (Differential  EQuation  SOlver  Language)  and  deterinineil 
the  temperatures  at  each  mesh  point  at  each  time  step. 

We  perform  magnetic  reversals  according  to  the  balance  between  magnetic  forces  based 
on  the  isotherms  and  the  magnetic  configuration.  There  are  four  forces  on  the  magne¬ 
tization  at  a  mesh  point,  namely  the  Zeeman  force  H„,  from  the  external  field,  the 
demagnetizing  force  //j  from  other  dipoles,  a  force  ff,  corresponding  to  the  wall  energy 
if  a  boundary  of  opposite  magnetizations  locates  at  one  side  of  the  mesh  under  study 
and  finally  the  magnetic  coupling  with  the  capping  film,  namely  the  enhancement  oi  me 
externtJ  field  discussed  theoretically  in  the  preceding  sections.  Dynamical  process  of 
magnetizations  in  the  capping  film  is  neglected  and  the  effect  of  the  magnetic  coupling  be¬ 
tween  the  magnetizations  in  the  two  films  is  approximated  by  the  temperature-dependent 
//t,p  derived  in  the  preceding  section.  We  notice  that  this  treatment  is  the  roughest 
approximation  for  computer  simulation. 

The  mesh  points  where  the  following  inequality  is  salisfietl(3] 

I  H„,  +  //„p  +  //a  -  |>  H,  (6) 

are  candidates  for  magnetic  reversals.  After  the  investigation  of  the  above  magnetic 
balances  over  all  the  meshes  we  reverse  the  magnetizations  in  the  marked  meshes  simul¬ 
taneously  to  produce  a  new  configuration.  The  simulated  recording  process  is  shown  in 
Fig.6. 


Figure  6:  .Simulated  recording  process  in  the  system  of  TbjsFegoCoij/PtCo.  I'he  comli- 
tions  for  recording  are  as  follows:  power  P  =  9mW,  laser  pulse  duration  MOnsec,  linear 
velocity  22.5m/sec.  external  field  2000c. 

The  comparison  between  the  recorded  mark  in  the  double-film  system  and  the  .single 
film  system  is  essential  to  test  our  theoretical  discussions.  It  is  read  from  b'ig.T  that  the 
mark  circumference  is  considerably  improved  in  the  double-film  system.  It  is  the  first 
observation,  by  computer  simulation,  of  the  capping  effect  in  the  magneto-optical  record¬ 
ing.  In  contrast,  most  of  the  inner  part  seems  to  remain  unchanged  and  some  additional 
unreversed  domains  appear  in  the  inner  part  of  the  mark  in  the  double-film  system,  riie 
reason  is  of  three-fold;  First,  as  is  seen  in  Fig..5  the  enhancement  of  the  external  field 
ffcap  is  '‘'fy  small  and  vanishes  as  the  temperature  exceeds  the  Curie  temperature  of  the 
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capping  film;  Secoiidly,  since  the  recording  process  is  simulated  by  discrete  lime  seiiuenc  e, 
phenomena  take  place  within  a  lime  scale  less  than  the  time  step  cannot  be  grasped  !>> 
the  present  simulation.  Thirdly,  the  ileniagnetizalion  field  is  overestimated  in  the  apfirox 
imation  for  the  present  simulation  since  it  is  already  taken  into  account  partly  in  the  lielil 
enhancement  //up.  Therefore,  the  unreversed  domain  in  Ixith  (a)  and  (b)  of  Kig.7  at  the 
locus,  where  laser  pulse  is  rut  off  and  thus  the  temperature  drops  very  quickly,  may  be 
fictitious. 


(a)  (b) 


figure  7:  (a)  Recorded  mark  in  single  film  system  of  Tb>pFe,;oCo] >  under  the  conditions 
in  Fig  (i;  I'liat  in  the  system  of  (a)  capped  on  PtCo  film. 


SUMMARY 

VVe  have  studied  theoretically  magnet ic-cou|)led  double-film  systems.  The  enhance¬ 
ment  of  the  external  field  by  the  capping  film  is  investigated  in  terms  of  the  magnetic 
properties  of  the  relevant  materials.  We  have  simulated  the  magneto-optical  recording 
process  in  double-film  system  by  incorporating  the  enhancement  of  the  external  field  into 
the  magnetic  force  balance  eejuation.  We  have  found  that  considerable  imiirovemenl  in 
the  mark  cirrumferoitre  is  achieved  by  the  rap|>ing  effect. 
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ABSTRACT 

Cobalt-platinum  alloys  and  multiiayeis  are  now  well  known  for  their  potentialities  in 
magneto-opti<^  recording  media.  The  growth  of  ultrathin  layers  and  sandwiches  is  thought 
to  be  useful  to  fmd  the  relationship  between  the  structural  and  magnetic  properties  at  an 
atomic  level.  Low  Energy  Electron  Diffraction  (LEED)  and  Auger  spectroscopy  (AES)  are 
used  here  to  study  the  ctystallography  and  the  growth  modes  of  Pt  on  Co(0Cl01)  surfaces. 
Co/Pt/Co  sandwiches  are  also  built  and  investigated  by  the  same  methods.  At  room 
temperature  we  show  the  evidence  of  a  good  epitaxy  of  platinum  on  the  Co((XX)l)  surface 
leading  to  the  possibility  of  obtaining  ordered  Co/Pl/Co  sandwiches.  Annealings  at 
moderate  temperatures  lead  to  an  epitaxial  alloy  formation.  Auger  results  show  that  alloying 
indeed  induces  a  magnetic  moment  on  platinum  atoms.  This  could  explain  the  magnetic 
properties  already  observed  in  Co/Pt  (111)  multilayers. 

1.  INTRODUCTION 

In  the  last  decade  multilayers  based  on  the  Co-Pt  system  have  become  of  interest  as 
potential  candidates  for  magneto-optical  perpendicular  recording  media  hoping  to  take 
advantage  of  the  large  magnetic  anisotropy  which  is  well  kjiown  in  the  Ll^  structure  of  the 
PtCo  alloy.  This  magnetic  anisotropy  could  be  due  to  the  strong  hybridation  between  the 
Co3d  and  Pt5d  levels  and  the  large  spin-orbit  coupling  {!].  Lee  et  al.  12]  have  indeed 
studied  multilayers  based  on  this  system:  they  concluded  that  the  magnetic  anisotropy  was 
dependent  on  the  growth  direction  and  they  showed  that  the  argument  given  earlier  by  Neel 
[3],  based  on  broken  symmetry  effects,  was  not  .sufficient  to  explain  satisfactorily  the 
observed  magnetic  anisotropies  in  the  multilayers. 

More  recently,  multilayers  based  on  alloys  have  been  investigated  [4,5].  They  show  a 
larger  static  signal  level  than  multilayers  ba.sed  on  the  altemance  of  Co  and  Pt  layers.  Curie 
temperatures  around  200°C  (for  Co22Pt7g)  and  a  good  chemical  stability.  Annealing 
processes  on  ultrathin  Pt/Co  layers  and  .sandwiches  built  at  different  temperatures  allow  one 
to  get  a  good  model  to  .study  the  alloy  formation  and  its  influence  on  the  magnetic 
properties  of  the  samples. 

2.  EXPERIMENTAL 

All  experiments  were  performed  in  a  conventional  UHV  chamber  w'ith  a  ba.se 
pressure  better  than  5.  lO  ”  Torr.  Auger  .spectra  used  to  check  the  .substrate  cleanline.ss  and 
to  establish  growth  kinetics  were  obtained  with  a  MAC2  Riber  analyzer  working  in  the 
derivative  mode.  The  LEED  structural  studies  were  done  with  an  Omicron  Spectaleed 
optics  allowing  us  to  measure  precise  surface  parameters.  The  cobalt  single  crystal  surfaces 
were  cleaned  with  conventional  argon-ion  bombardments  at  300“C  followed  by  a  final 
annealing  process  at  temperatures  not  higher  than  350°C  to  avoid  the  martensitic  phase 
transition.  Platinum  was  then  evaporated  from  a  Joule  heated  Pt  wire  at  a  very  slow  rate  ( = 

1  monolayer/20  minutes). 
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3.  GROWTH  MODE  AND  STRUCTURE  OF  PLATINUM  ULITIATHIN  LAYERS 

3.1.  Growth  mode  at  room  temperature  of  platinum  on  Co(OOOl) 

It  is  now  well  established  [6]  that  Auger  Electron  Spectroscopy  allows  one  to 
determine  the  growth  mode  of  binary  systems.  A  careful  analysis  of  the  substrate  and 
adsorbate  Auger  peak  intensities  may  indeed  discriminate  between  the  different  growth 
modes  which  can  occur  without  diffusion  either  at  equilibium  :  -  Frank-Van  der  Merwe 
(FM  :  layer  by  layer).  Stranski-Krastanov  (SK  :  layer(s)  followed  by  islands),  Volmer- 
Weber  (VW  :  islands)  -  or  out  of  equilibrium  -  simultaneous  multilayers  (SM)  The 
corresponding  analytical  expressions  for  the  Auger  adsorbate  aitd/or  substrate  intensities  can 
be  easily  derived  [6],  As  we  did  in  a  previous  study  on  the  Pt/Co(10.0)  interface  [7]  we  use 
systematically  several  graphs  (intensity  k:.  time,  adsorbate/substrate  ratio  is  time,  intensity 
of  substrate  us  intensity  of  adsorbate)  to  interpret  the  experimental  Auger  data.  This  is 
necessary  because  of  the  large  number  of  non  independent  parameters  and  one  avoids 
misinterpretations  due  to  wrong  values  of  the  inelastic  mean  free  paths  (IMFP's).  Taking 
into  account  the  possible  growth  processes  with  diffusion  needs  a  further  analytical  step  in 
which  many  parameters  have  to  be  considered.  This  part  is  beyond  the  scope  of  this  paper. 

Figure  1  shows  the  evolution  of  the 
cobalt  substrate  Auger  peaks  (CoMW  at 
low  kinetic  energy  and  CoLW  at  high 
kinetic  energy)  and  the  platinum  adsorbate 
Auger  peaks  (PtN^^W)  vs  coverage 
(equiv.  ML).  The  crossed  lines  correspond 
to  a  layer  by  layer  growth  model  derived 
with  the  IMFP's  used  for  these  lines  in 
Ref.  7.  Even  when  using  other  sets  of 
representations  or  other  values  for  the 
IMFP's,  there  is  no  agreement  for  a  FM 
growth  mode,  at  least  for  coverages 
.smaller  than  4ML.  One  should  point  out 
that  the  IMFP  of  the  CoLVV  transition  is 
rather  large  ( =  1  lA)  and  thus,  this  peak  is 
not  .sensitive  to  small  changes  in  the 
growth  mode.  The  straight  lines 
correspond  to  the  growth  of  a  high  density 
of  pyramidal  islands  with  small  spatial 
extension.  They  coalesce  for  a  high  of  4 
layers.  The  agreement  is  fairly  good  in  the 
first  stages  of  growth.  Than  one  could 
imagine  that  the  accumulated  sire.ss  is 
rela.xed  by  island  formation. 

After  4ML  the  coale.scence  of  the  film  is  fully  completed  and  the  growth  mixie  is  similar  to 
a  Frank  -  van  der  Merwe  one. 

3.2.  Structure  of  platinum  on  Co(OOOI)  for  rixrm  tem|x-rature  do|tosition 


(>  Ml. 


F'igure  1  :  Co  and  Pt  Auger  intensities  as  a 
function  of  platinum  equivalent  coverage. 


The  LEED  patterns  remain  always  well  contrasted  during  platinum  de|iosilion  except 
a  small  background  increa.se  with  coverage.  We  never  observed  any  su[X.'r.structures,  re.  the 
repulsive  energy  for  PtTh  bonds  must  be  very  small  in  regard  to  the  attractive  one  in  Co-Pt 
bonds.  For  all  thicknesses  we  observ'C  a  .sixfold  .symmetry  of  the  pattern  over  the  whole 
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observed  energy  range  (0  -  1000  eV).  This  indicates  either  a  hep  stacking  of  platinum  or  a 
two-domain  twinned  fee  structure.  The  peaks  in  the  so^^alled  I-V  curves,  shown  in  figure  2 
for  the  (0.0)  spot,  can  only  be  indexed  for  a  hep  stacking  and  they  are  clearly  located  at 
different  energies  than  for  the  clean  fee  Pt(lll)  surface  described  by  Stair  et  al.  [8J. 
However,  due  to  the  coherence  length  of  low  energy  electrons  (<  50  nm),  the  addition  of 
smaller  domains  with  different  fee  stackings  (such  as  ABABabc  +  ABABcba...)  are  not 
ruled  out.  Such  stacking  sequences  have  recently  been  clearly  demonstrated  for  the 
Co/Cudll)  system  wich  exhibits,  also,  a  six-fold  L£ED  pattem[9).  Work  is  in  progress  to 
perform  a  complete  LEED  dynamical  calculation  on  the  Co/Eh  system. 

The  in-plane  parameters  have  been  measured  on  the  LEED  patterns  and  the  parameter 
along  the  normal  to  the  surface  has  been  determined  through  the  I-V  curves.  These  results 
are  summarized  in  the  left-hand  side  in  figure  3.  No  relaxation  in  the  c  direction  has  been 
observed  although  the  observed  interplane  distance  (2.04  A)  is  smaller  than  the  Pt-Pt 
distance  along  the  (111)  direction  (2.26  A).  For  room  temperature  deposited  layers  and  up 
to  4  ML.  Pt  fully  accomodates  the  (2o  lattice.  This  is  very  surprising  since  the  lattice 
mismatch  between  the  two  metals  is  about  10%  leading  to  a  very  large  strain  in  the  layer. 
Relaxation  is  only  observed  for  layer  thicknesses  larger  than  4  ML.  This  is  in  agreement 
with  the  Auger  results;  in  the  first  stages  of  growth,  small  and  well  ordered  Pt  crystallites 
in  epitaxy  with  the  substrate  having  a  small  lattice  parameter  store  a  large  amount  of  the 
elastic  energy  induced  by  the  strain.  A  full  platinum  layer  with  these  parameters  is  in  fact 
energetically  very  unstable.  However  super^nsification  of  (111)  surfaces  of  noble  metals 
has  been  demonstrated,  the  stress  being  accomodated  by  interface  dislocations.  So,  after 
4ML,  coalescence  occurs  with  an  increasing  in-plane  relaxation  of  the  layer,  allowing  the 
spreading  of  the  overlayer. 


Indeed,  after  6  ML  Pt  deposition,  the  film  is  not 
fully  relaxed  to  (he  Pt  (UU  fee  parameter.  This  is 
only  the  case  after  a  short  annealing  at  650K 
during  several  minut&s  (Fig.  3.  middle). 
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Figure  2  :  I-V  curves  of  the  (0,0)  spot 
for  various  Pt  and  Co  +  Pt  coverages 


Figure  3  :  Evolution  of  the  lattice  parameters  a 
and  c  of  the  layers  a,s  determined  by  LEED 
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3.3.  Temperature  effect  on  the  RT  deposited  film 

In  order  to  check  the  possibility  to  obtain  better  ordered  films  by  heat  treatments,  we 
performed  annealings  for  several  layer  thicknesses  varying  the  temperature  and  the 
annealing  time.  We  present  in  figure  4  the  effect  of  annealing  on  1  and  6  ML  Pt  deposited 
on  Co(OOOl),  Annealings  up  to  300‘’C  do  not  improve  drastically  the  LEED  pattern,  this  is 
only  the  case  for  higher  annealing  temperatures.  They  induce  a  relaxation  of  the  in-plane 
parameter  reaching  finally  the  Pt  one  (Fig.  3.  ri^t-hand  side). 

In  the  monolayer  range  (Fig.  4a),  annealing  at  200‘’C  and  350‘‘C  during  several 
minutes  induces  an  increase  of  the  Pt  Auger  signal.  This  means  that  the  apparent  surface 
coverage  in  platinum  increases  :  this  can  be  explained  by  a  progressive  spreading  of  the 
islands  as  already  described  in  section  3.1.  Under  SSCC  and  for  small  platinum  deposits 
there  is  neither  diffusion  nor  alloy  formation,  unlike  to  what  is  observed  for  tliicker  layers. 

For  these  thicker  layers  (more  than  4ML)  no  decrease  of  the  CoMW/PiNW  ratio 
has  been  observed  under  300‘'C.  In  this  ca.se,  the  island  spreading  does  not  occur  anymore 
since  coalescence  has  already  took  place  and  a  FM  growth  is  now  started.  For  annealings  at 
350‘’C,  the  LEED  pattern  improves,  the  six-fold  symmetry  remains  over  the  whole  range  of 
energy  and  one  ob»rves  an  increase  of  the  CoMVV/PtNVV  ratio.  This  is  characteristic  of 
the  formation  of  an  ordered  compound  or  of  a  surface  alloy,  the  composition  of  which 
being  still  not  well  determined  since  AES  by  itself  does  not  allow  to  evaluate  the 
concentration  profile  within  these  layers.  Fig.  4b  shows  that  the  alloy  is  rich  in  Pi  and  we 
see  also  that  during  the  alloy  formation  the  N^W/N^W  ratio  increases  up  to  the  maximal 
observed  ratio  during  the  growth.  This  should  indicate  a  hep  alloy  in  which  Pt  shows  a 
magnetic  moment  as  it  will  be  seen  in  section  5. 


Pt  on  Co(OOOl)  :  annealed  Pt  on  Co(OOOl)  :  annealed 


a 


b 


Figure  4  .  Evolution  of  the  CoMVV,  PtN^VV  and  PlN-W  Auger  transitions  for  various 
annealings  of  (a)  ;  i  Pt  ML  on  Co(000il,  (b)  :  6  Pt  ML  on  Co(OOOI) 
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4.  Co/Pt/Co  SANDWICH  FORMATION 

As  discussed  in  section  3  the  growth  of  thick  platinum  layers  on  CofOOOl)  is  well 
described  :  the  Pt  overlayer  :s  flat  and  has  well  defined  epitaxial  relationships  with  the 
substrate.  Thus  it  wi.,  interesting  in  this  case  to  investigate  the  formation  of  Co/PtfCo 
sandwiches.  As  a  matter  of  fact  the  growth  of  cobalt  on  a  relaxed  Pi  layer  ii.e.  annealed  at 
650K)  can  be  cor.ddered  as  a  symmetrical  situation  to  the  one  where  platinum  is  deposited 
on  Co(OOOl).  Of  course  such  a  .surface  caimot  be  compared  with  a  single  crystal  PtdU) 
substrate.  Because  of  the  greater  corrugation  of  the  surface  there  is  no  reason  that  the 
growth  would  the  same  as  the  one  observed  on  PtdlDllO].  In  our  case  the  influence  of 
the  substrate  is  not  known  and  could  be  determing.  Here  the  misfit  is  again  about  10%,  but 
with  an  opposite  strain.  So  we  may  expect  that  the  cobalt  layer  will  be  expanded  in  the 
same  manner  as  the  platinum  one  was  contracted. 

In  ftgure  3  (right-hand  side)  we  show  the  results  obtained  for  a  fractional  deposition 
of  Co  on  a  relaxed  6.25  ML  Pt  overlayer.  It  has  been  verified  by  AES  that  no  cobalt 
diffusion  towards  the  surface  had  occured.  We  see  effectively  that  the  parameter  of  the  thin 
cobalt  layers  (up  to  2  ML)  is  expanded  and  equal  to  the  platinum  one.  The  full  relaxation  of 
the  cobalt  layer  is  obtained  for  a  4  ML  deposit.  For  this  thickness  the  PtN^  .^W  Auger 
peak  is  undistinguishable  ftr.n  the  background  and,  from  escape  depth  arguments,  we  can 
conclude  that  the  cobalt  la''er  is  continuous.  No  further  relaxation  has  been  observed  for 
thicker  layers. 

All  along  the  cobalt  deposition  the  LECD  pattern  has  the  six-fold  symmetry, 
characteristic  for  a  hep  or  twinned  fee  staeking.  The  adsorbate  (now  Co)  aecomodates  the 
substrate  lattice  (now  Pt) . 

The  final  situation,  obtained  for  a  Co(bML)/Pt(6ML)/Co(0001)  sandwich,  is  more 
probably  hep  and  epitaxial.  Its  in-plane  parameter  is  the  same  as  in  the  case  of  the  2ML  Pt 
on  Co(OOOl),  and  the  corresponding  LEED  J-V  curves  are  also  identical.  These  two 
are  evidently  the  same  but  one  with  Co  on  top  and  the  other  with  Pt  on  top. 

5.  AES  AS  A  LOCAL  PROBE  FOR  MAGNETISM  ? 

To  clarify  the  relationship  between  the  spin  polarization  of  the  Pt  valence  band, 
which  has  been  recently  confirmed  by  spin  polarized  photoemission  (11],  and  the  relative 
behaviour  of  the  intensities  of  the  N^^VV  and  N^VV  Auger  lines,  a  very  simple  approach 
based  on  the  spin  dependent  transition  probabilities  of  the  Auger  proces.s  can  be  u.sed  It 
allows  to  show  that  the  behaviour  is  a  valence  band  effect  due  to  the  induced 

m.'gnetic  moment  on  Pt  atoms 

In  the  L-S  coupling  scheme  one  can  finally  find  the  following  Auger  probabilities  P., 
(initial  excited  electron  "up”)  and  P^  (initial  excited  electron  "down")  ; 

P.f  =  2.7/A  (D  -  E)’  {16nj^(E),  +  n.j(E),} 

=  2iz/fi.  (D  -  E)2  (16  n.j(E)f  +  nj,(E)f) 

where  D  and  E  are  respectively  the  coulombian  and  exchange  matrix  e:  ir.'.  its,  and  n^^.^ tE)f 
the  spin  dependent  electronic  state  densities  at  the  Feimi  level. 

This  calculation  must  be  taken  with  some  caution  .since,  except  the  "s"  levels,  the 
other  levels  are  not  pure  .spin  ones.  They  are  only  spin  polarized.  In  all  cases  for  a 
ferromagnet  the  tran.sition  probability  from  the  minority  .spin  level  should  be  always  the 
large.st  for  any  given  level.  So  the  transition  piobability  depends  es.sentially  on  the  number 
of  spin-down  electrons  in  the  level.  Since  the  N.,  level  has  more  spin-down  electrons  than 
the  one,  a  progressive  magnetization  of  the  Pt  adatoms  should  induce  a  relative  increa.se 
of  the  NjVV/Nj  VV  ratio. 
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Ill  fact  this  effect  is  illustrated 
in  figure  5  where  the  normalized 
N^W  and  N^VV  Auger  intensities 
are  plotted.  The  maximum  difference 
between  the  intensities  of  the  two 
Auger  NyW  and  N^^VV  lines  occurs 
between  the  first  and  the  second  Pi 
layc.-s.  The  first  platinum  layer  bears 
an  induced  magnetic  moment  and  for 
the  following  layers  this  is  no  longer 
the  case.  This  phenomenon  is  also 
observed  for  annealed  platinum 
layers.  Fig.  5  shows  clearly  an 
evolution  of  the  N,VV/N^W  ratio. 
This  demonstrates  that  interdiffusion 
at  temperatures  higher  than  300°C 
leads  to  an  alloy  where  the  platinum 
atoms  bear  a  magnetic  moment. 

6.  CONCLUSION 


^N7W  ■  . 

A.*' 


'  I'tNWV 


tj  It'll 


N7vvdtaN7w 


Figure  5  ;  Evolution  of  the  intensity  of  the 
platinum  Ng.^VV  Auger  ILies  (normalized  to 
bulk  Pt)  as  a  function  of  Pt  coverage. 


At  room  temperature,  the  growth  mode  of  ultrathin  layers  of  platinum  on  Co(OOOl) 
can  be  characterized  by  the  progressive  coalescence  of  small  islands  which  is  completed  for 
4  monolayers.  Platinum  is  in  epitaxy  on  Co(OOOl)  and  accomodates  the  substrate  lattice 
parameters  up  to  a  4  ML  coverage  and  then  relaxes  to  its  own  in-plane  parameter.  The 
LEED  patterns  show  that  platinum  is  in  a  hep  stacking.  Annealings  at  6501C  induce  a  better 
crystallisatirn  of  the  platinum  overlayer  with  some  inierdiffusion  of  cobalt  leading  to  the 
formation  of  an  interfacial  Co-Pl  alloy.  On  lop  of  lhe.se  annealed  layers,  it  is  possible  to 
grow  epitaxially  cobalt  overlayers  and  to  realize  well  structurally  defined  Co/Pt/Co 
.sandwiches.  In  both  cases  (ultrathin  platinum  layers  and  sandwiches)  it  is  possible  to 
evidence,  through  modifications  of  the  transition  probabilities  of  .he  N^-VV  Auger  lines, 
that  the  platinum  atoms  bear  a  magnetic  moment. 
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ABSTRACT 

Magnetic  properties  and  roughness  of  sputter-deposited  Pt/Co  filns 
strongly  depend  on  preparation  conditions  such  as  rf-input  power, 
underlayers  and  their  etching.  Large  coercivity  was  obtained  by  using 
suitable  underlayers  such  as  ZnO  and  adjusting  input  power  higher  for  Co  and 
lower  for  Pt.  The  coercivity  in  Pt/Co  filns  seens  to  depend  on  the  roughness 
of  the  surface  and/or  the  layer  interface  as  well  as  the  perpendicular 
anisotropy. 


INTRODUCTION 

The  relationship  between  the  magnetic  properties  and  the  structure  is 
always  a  very  attractive  problem  in  magnetic  thin  films.  In  particular, 
multilayered  films  such  as  Pt/Co  will  present  a  new  idea  since  they  consist 
of  coiumnar  crystaliites  with  multilayered  structure  which  is  essential  to  the 
perpendicular  magnetic  anisotropy  [11(2|.  Therefore,  the  magnetic  properties 
of  the  multilayered  films  have  been  considered  to  be  much  influenced  by  the 
surface  roughness  and  the  film  morphology  [3)14 1[5].  It  is  well  known  that 
Pt/Co  films  with  large  perpendicular  magnetic  anisotropy  and  enhanced  Kerr 
effect  at  the  shorter  waveiength  [6)  are  one  of  the  promising  materials  for  a 
high  density  magneto-optical  recording  medium.  However,  since  lower  media 
noise  as  weil  as  higher  stabiiity  of  the  recorded  domains  are  required  for 
such  materials,  it  is  stiil  important  for  Pt/Co  films  to  achieve  both  higher 
coercivity  and  better  surface  fiatness  [7], 

Since  the  (111)  orientation  as  well  as  the  layer  interface  are  important 
for  the  perpendicular  anisotropy  of  Pt/Co  films  [8],  it  is  of  much  interest  to 
investigate  the  relationship  between  the  structures  and  the  magnetic 
properties.  We  have  already  reported  that  the  sputter  etching  of  SiN 
underlayers  flatten  the  film  surface  (9)  and  that  the  hcp(002)  orientation  of 
ZnO  underlayers  enhance  the  feed  11)  orientation  of  Pt/Co  films  (10),  It  was 
also  reported  that  in  the  reactive  sputtering  of  ZnO  with  Ar+02  gas  and  a 
ZnO  target,  the  crystal  orientation  depended  on  the  O2  pressure[  1 1  ], 
According  to  these  facts,  we  further  tried  to  control  the  structures  of  Pt/Co 
films,  namely,  the  roughness  of  the  film  surface  and  interface  and  the  crystai 
orientation,  by  adjus'ing  preparation  parameters  in  the  etching  of 
underlayers,  the  reactive  sputtering  of  ZnO  underlayers  and  the  sputtering 
of  Pt/Co  films. 

In  this  paper,  we  report  that  the  magnetic  and  structural  properties  of 
the  Pt/Co  sputtered  films  strongly  depend  on  the  properties  of  underlayers 
and  on  the  input  powers  for  Pt  and  Co  targets,  and  discuss  the  relationship 
between  the  structure  and  the  magnetic  properties  of  the  films. 
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EXPERIMENTAL  PROCEDURE 

Pt/Co  films  consisting  of  (17A  Pt/5A  Co)x9  bilayers  were  prepared  by  rf 
magnetron  sputtering  onto  glass  substrates  placed  on  a  rotating  table. 
The  sputtering  system  has  a  transfer  table  and  shutters  controlled  by  a 
microcomputer,  and  is  able  to  prepare  the  films  with  varying  input  power 
for  Pt  and  Co  targets,  independently  of  each  other.  Pt  and  Co  were 
sputtered  with  an  input  power  in  the  range  of  20-200  W,  which  resulted  in  a 
deposition  rate  of  0. 1-2.1  A/sec  for  Pt  and  0. 1-2.0  A/sec  for  Co.  SiN  and  ZnO 
underlayers  (800A  thick)  were  prepared  by  the  rf  sputtering  from  SiN  and 
ZnO  targets  using  Ar  and  {Ar+02),  respectively.  The  pressures  of  the  Ar  and 
(Ar+Oo)  were  kept  at  5  mTorr  throughout  the  sputtering  process. 

The  coercivity  H^,  and  effective  perpendicular  anisotropy  were 

measured  with  a  Kerr  loop  tracer  and  a  torque  magnetometer,  respectively. 
The  structure  of  the  films  was  examined  with  X-ray  diffractometry  (XRD),  and 
the  surface  roughness  (rms)  was  estimated  from  scanning  tunneling 
microscope  using  01  NanoScope  11  with  a  mechanical  polished  Pt-Ir  tip. 


RESULTS 

Etching  of  SiN  underlayers 

As  previously  reported  [9][12],  the  sputter  etching  of  dielectric 
underlayers  prior  to  the  Pt/Co  deposition  improves  the  magnetic  properties 


Fig.  1  Hg  and  K  jj  of  (17A  Pt 
/5A  Co)x9  with  SiN  underlayers  as 
a  function  of  etching  tiae  of 
the  underlayer. 


Fig.  2  Etching  tine  dependence  of 
surface  roughness  and  half 
width  65Q  of  (111)  rocking  curves 
for  (17A  Pt/5A  Co)x9. 
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of  the  films.  Figure  1  shows  and  of  Pt/Co  films  with  SiN  underlayers 

as  a  function  of  the  etching  time  of  the  underlayers.  The  SiN  underlayers 
were  etched  by  back  sputtering  at  an  rf  power  of  300  W,  which  resulted  in 
an  etching  rate  of  5  A/min.  increased  remarkably  with  the  etching  time 

and  became  saturated  at  around  10  min,  white  increased  at  the  beginning 
of  the  etching  and  exhibited  the  maximum  value  at  several  minutes. 

From  the  XRD  results,  the  Pt/Co  films  with  etched  underlayers  showed 
much  stronger  XRD  intensity  for  both  the  low-angle  1st  peak  and  the  high 
angle  Pt/Co(lll)  peak  [9].  This  indicates  that  the  underlayer  etching 
improves  the  flatness  of  the  layer  interface  and  the  (111)  orientation. 
Figure  2  shows  surface  roughness  R^  and  half  width  SgQ  of  rocking  curve 
for  Pt/Co(lH)  as  a  function  of  the  etching  time  of  the  underlayers.  Surface 
roughness  Rg  lowered  with  the  sputter  etching  and  half  width  &gQ  also 
decreased  slightly.  These  results  consistent  with  the  previous  ones,  showing 
that  the  underlayer  etching  improves  the  flatness  of  the  film  surface  and 
layer  interface,  as  well  as  the  (111)  orientation  of  crystallites. 

ZnO  underlayer 

We  have  found  that  Pt/Co  films  prepared  on  ZnO  underlayers  exhibit  a 
large  perpendicular  anisotropy  because  of  the  epitaxial  growth  of  Pt/Co(lll) 
on  Zn0(002)  [10].  On  the  other  hand,  it  is  known  that,  in  the  reactive 
sputtering  of  ZnO  with  Ar+02,  the  crystal  orientation  changes  depending  on 
the  partial  pressure  of  O2  [11].  Thus,  we  expect  that  the  preferred 
orientation  of  Pt/Codll)  as  well  as  Zn0(002)  can  be  achieved  by  adjusting 
various  sputtering  conditions. 

Figure  3  shows  surface  roughness  R^  and  half  width  650  of  rocking 
curve  foi  Pt/Co(lll)  in  the  films  prepared  on  ZnO  underlayers  as  a  function 
of  the  partial  pressure  of  O2  during  the  preparation  of  ZnO  layer.  Both 
surface  roughness  Rjj  and  half  width  65Q  show  the  minimum  values  at  around 
a  partial  O2  pressure  of  5%.  The  rocking  curves  for  Zn0(002)  behaved  in  the 
same  manner  as  those  for  Pt/(^(111). 


02/(Ar+0  2  )  (’i) 


Fig.  3  O2  partial  pressure  in  the 
reactive  sputtering  of  ZnO 
underlayers  vs  surface  roughness 
and  half  width  650  of  (111) 
rocking  curves  for  (17A  Pt 
/5A  Co)x9. 


Fig.  4  Hj.  and  Kgjf  of  (17A  Pt 
/5A  Co)x9  as  a  function  of 
partial  pressure  02/(Ar+02)  in 
the  reactive  sputtering  of  ZnO 
underlayers. 


Figure  4  shows  coercivity  and  effective  perpendicular  anisotropy  K^ff 
as  a  function  of  partlai  pressure  of  02-  Both  Hp  and  changed  slightly 

with  increasing  O2  pressure,  showing  a  small  minimum  in  at  O2  ratio  of 
15  X  and  a  maximum  in  at  O2  ratio  of  5  to  10  X. 

Input  power  dependence 

Since  the  interface  between  Pt  and  Co  iayers  are  essential  to  the 
perpendicular  anisotropy  [1],  we  tried  to  change  the  interface  roughness  and 
magnetic  properties  by  varying  Pt  and  Co  input  power,  independent  of  each 
other. 


Fig..  5  Coercivity  H_,  and  perpendicular  na^etic  anisotropy  Kgjj  as  a 
function  of  (a)  Pt  input  power  and  (b)  Co  input  power,  where  Co  input 
power  was  100  W  and  Pt  50  W,  respectively. 


Fig.  6  Roughness  and  1st  order  peak  intensity  of  low-angle  XRD  as 
a  function  of  (a)  Pt  input  power  and  (b)  Co  input  power,  where  Co 
input  power  was  100  W  and  Pt  50  W,  respectively. 


Intensity  (cpt) 
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Figures  5(a)  and  (b)  show  (a)  Pt  and  (b)  Co  input  power  dependence  of 
and  K^ff,  where  Co  and  Pt  input  powers  are  100  W  and  50  W  for  (a)  and 
(b),  respectively.  Both  and  *^eff  decreased  considerably  with  increasing  Pt 
input  power  but  increased  with  increasing  Co  input  powers.  The  Pt/Co  films 
showed  large  H^.  when  they  prepared  with  lower  input  power  for  Co  but 
higher  input  power  for  Pt.  The  anisotropy  changed  also  in  the  same  manner 
as  the  H^. 

Figure  6(a)  and  (b)  show  surface  roughness  and  1st  peak  intensity  of 
low-angle  XRD  as  a  functioii  of  (a)  Pt  and  (b)  Co  input  power,  respectively. 
The  surface  of  Pt/Co  films  sputtered  with  lower  Pt  input  power  was  smoother 
than  that  of  films  with  higher  Pt  input  power.  The  1st  peak  intensity  that 
becomes  higher  for  lower  Pt  input  power  indicates  the  improvement  of  the 
multilayered  structural  order.  On  the  other  hand,  with  lowering  Co  input 
power,  the  surface  roughness  did  not  change  but  the  1st  peak  intensity 
drastically  decreased. 

According  to  the  results  of  Figs  5  and  6,  both  the  flatness  of  the  films 
and  well  defined  multilayered  structure  are  thought  to  be  important  for  large 
anisotropy  as  well  as  for  high  coercivity.  Lower  input  power  for  Pt  and 
higher  input  power  for  Co  are  favorable  to  obtain  such  structures. 


DISCUSSION 

As  seen  in  the  previous  sections,  the  magnetic  properties  and  the 
roughness  of  Pt/Co  films  strongly  depended  on  preparation  conditions  such 
as  input  power,  underlayers  and  their  etching. 

In  the  case  of  the  SiN  underlayer  etching,  the  coercivity  Hp  was 
proportional  to  the  perpendicular  anisotropy  Kgjf  at  the  beginning  of  the 
etching.  However,  the  Hp  saturated  earlier  them  the  On  the  other  hand, 

the  surface  roughness  lowered  gradually  with  increasing  etching  time.  We 
speculate  that,  in  the  beginning  of  the  etching,  the  coercivity  is  related  to 
the  anisotropy  field  Hij  =  SKgff/Mg  or  the  nucleation  field  Hj,  of  the  reverse 
domains  which  is  closely  related  to  the  anisotropy.  If  we  assume  that  the  wall 
is  pinned  at  the  defects  generated  from  the  surface  roughness,  the  Hp  will 
saturate  and  decrease  again  with  prolonged  etching,  because  the  films  with  a 
smoother  surface  might  have  less  defects,  and  the  wall  motion  will  become 
easier.  Thus,  although,  the  smooth  surface  and  interface  with  the  etching 
may  bring  the  large  anisotropy  to  the  films  [9],  it  will  be  difficult  to  obtain 
a  high  coercivity  that  is  proportional  to  the  large  anisotropy. 

For  the  film  with  ZnO  underlayers,  the  anisotropy  Kgjj  was  obtained  as 
large  as  2.0x10°  erg/cc  which  was  two  times  larger  than  the  films  with  SiN 
underlayers,  while  the  coercivity  Hp  was  nearly  the  same.  Judging  from  the 
results  of  Figs  3  and  4,  the  coercivity  is  determined  by  neither  the 
anisotropy  nor  the  surface  roughness.  Since  the  films  with  ZnO  underlayers 
have  distinct  column  boundaries  and  fine  layered  structures  [10],  the  wall 
might  be  pinned  at  the  position  of  the  boundaries.  So  the  surface  roughness 
Rg  does  not  seem  to  be  so  important  to  the  Hp  as  in  the  case  of  SiN 
underlayers. 

As  for  the  rf  power  dependence,  the  largest  coercivity  was  obtained  at  a 
lower  Pt  input  power  of  20  W  and  a  higher  Co  input  power  of  200  W.  Lower 
Pt  input  power  improves  the  Pt/Co(Hl)  orientation  and  makes  the  surface 
smoother.  As  a  result,  the  films  exhibit  higher  anisotropy.  On  the  other  hand, 
higher  Co  input  power  enhances  the  anisotropy  and  the  coercivity.  Comparing 
Fig.  6(b)  with  Fig.  5(b),  the  coercivity  is  seen  to  change  parallel  to  the  1st 
peak  intensity  but  not  always  to  the  anisotropy.  The  reasons  for  the  higher 
coercivity  in  films  with  the  higher  Co  input  power  are  not  clear  but  they 
may  be  related  to  the  wall  pinning  at  the  interface  between  Pt  and  Co  layers. 

As  described  above,  the  coercivity  seems  to  depend  often  on  the 
roughness  of  the  film  surface  and  the  interface  rather  than  the  anisotropy. 
For  the  application  to  the  magnetooptical  recording  materials,  smoother 
surface,  higher  coercivity  and  larger  anisotropy  are  required.  Then,  for  the 
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Pt/Co  films,  it  seems  to  be  important  to  achieve  both  the  smooth  surface  and 
the  well  defined  interface  as  well  as  the  (111)  preferred  orientation.  These 
futures  can  be  achieved  by  optimizing  preparation  conditions. 


CONCLUSIONS 

The  magnetic  properties  and  the  roughness  of  Pt/Co  films  strongly 
depended  on  the  preparation  conditions  such  as  input  power,  underlayers 
and  their  etching.  Large  coercivity  was  obtained  by  using  suitable 
underlayers  such  as  ZnO  and  adjusting  input  powers  higher  for  Co  and  lower 
for  Pt.  However,  the  films  with  large  perpendicular  anisotropy  did  not  always 
show  large  coercivity.  The  coercivity  in  Pi/Co  films  seemed  to  depend 
strongly  on  the  roughness  of  the  film  surface  and  the  interfaces.  The  smooth 
surface  and  interface  seem  to  be  important  for  good  recording  properties. 
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ABSTRACT 

We  have  used  in  situ  polar  Kerr  effect  measurements  to  study  the  magnetic  coerdvity  and 
anisotropy  of  MBE-grown  Pd(lll)/Co/X  and  Au(lll)/Co/X  trilayers,  where  X  is  the  non¬ 
magnetic  noble  or  transition  metal  overlayer  Ag,  Cu  or  Pd.  Polar  hysteresis  curves  were 
measured  in  situ  for  systematically  varied  Co  and  overlayer  thicknesses  2  A  £  t^,  <  20  A  and 
0  A  <  tx  £  50  A.  We  find  the  coerdvity  and  total  anisotropy  display  a  strongly  peaked 
perpenicular  contribution  at  -1  atomic  layer  (2  A)  non-magnetic  metal  coverage.  For  Cu, 
where  the  effect  is  strongest,  the  total  anisotropy  energy  rapidly  decreases  by  a  factor  of  3 
from  its  peak  value  after  a  total  coverage  of  -2  atomic  layers  (4  A)  of  Cu. 


INTRODUCTION 

Multilayers  of  Pd/Co  and  Pt/Co  are  potential  material  systems  for  rrugneto-optical  data 
storage  applications,  since  they  can  be  produced  with  an  easy-axis  of  magnetization  oriented 
perpendicular  to  the  film  plane.  This  perpendicular  anisotropy  is  thought  to  arise  from  the 
interfaces  between  Co  and  the  non-magnetic  metal  layers.  For  suMdently  thin  Co  layers  this 
interface  anisotropy  dominates  the  in-plane  shape  anisotropy  of  the  Co  film  resulting  in  a 
perpendicular  magnetization. 

In  this  paper  we  describe  studies  of  this  interface  anisotropy  using  in  situ  Kerr  effect 
measurements  in  our  molecular  beam  epitaxy  (MBE)  system.  We  have  studied  the  evolution 
of  the  magnetic  behavior  of  ultra-thin  Co  films  during  the  progressive  formation  of  interfaces 
with  the  three  different  non-magnetic  overlayers,  Ag,  Cu  and  Pd.  The  Co  films  were 
epitaxially  grown  on  Pd(lll)  and  Au(lll)  surfaces  and  the  structural  and  magnetic  behavior 
systematically  studied  as  a  function  of  overlayer  coverage  and  material  species. 


EXPERIMENT 

The  results  reported  here  are  for  Co  films  in  the  thickness  range  2  A  <  lc„  S  20  A  deposited 
on  600  A  thick  buffer  layers  of  both  Pd  (111)  !md  Au(lll).  The  buffer  layers  were  grown  on 
suitably  prepared  Co-seeded  GaAs  tllO)  substrates.'  We  used  effusion  cells  for  Ag  and  Pd 
deposition  at  0.1  A/s  and  0.15  A/s  respectively,  and  optical-feedback-conlrolled  electron- 
beam  evaporators  to  deposit  the  Au  (0.1  A/s),  Co  (0.25  A/s)  and  Cu  (0.1  A/s).  All 
deposition  rates  were  determined  from  Rutherford  backscattering  spectrometry  (RBS)  analysis 
of  thick  calibration  films.  The  background  pressure  during  deposition  was  £  5  x  10  '°  tort 
and  consisted  mostly  of  hydrogen.  The  crystaUine  quality  of  the  films  was  monitored  during 
growth  with  Reflection  High  Energy  Electron  Diffraction  (RHEED).  The  RHEED  images  were 
captured  with  a  digital  camera  system  capable  of  resolving  changes  in  surface  lattice  spacings 
~  17o. 

A  sample  can  be  transferred  between  the  deposition  chamber  of  our  MBE  system  and 
another  connected  ultra-high  vacuum  chamber  (P  <  2  x  10  '°  torr)  where  it  is  align^  between 
the  poles  of  an  external  electro-magnet  for  in  situ  Kerr  effect  measurements.  The  magnetic 
field  is  applied  along  the  sample  normal  with  a  maximum  field  of  ±  2.2  kOe.  We  use  a  50 
kHz  photo-elastic  modulator  and  lock-in  amplifier  based  detection  scheme  with  a  HeNe-laser 
to  measure  the  polar  Kerr  ellipticity  of  the  sample  as  a  function  of  applied  field.  Measuring 
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the  elliptidty  rather  them  the  Kerr  rotation  eliminates  the  background  Faraday  rotation  from 
the  quartz  vacuum  window.  Optical  access  is  provided  by  a  hole  along  the  axis  of  one  of 
the  magnet  poles.  The  sample  can  be  moved  repeatedly  between  the  measurement  and  the 
deposition  chambers  without  need  for  optical  realignment. 

After  deposition  of  the  thick  Pd  or  Au  buffer  layer  and  ultra-thin  Co  film,  in  situ  polar  Kerr 
hysteresis  curves  were  measured  from  the  initially  uncovered  sample.  Kerr  measurements 
were  then  repeated  after  each  of  the  many  overlayer  depositions  sparming  the  coverage  range 
0  <  tx  <  50  A  in  small  1-10  A  steps.  The  entire  deposition/measurement  cycle  for  each 
coverage  step  required  less  than  ten  minutes  in  a  pressure  P  <  2  x  10  “  torr.  Therefore, 
surface  contamination  was  insignificant. 


RESULTS  AND  DISCUSSION 


The  perpendicular  hysteresis  curves  of  the  uncovered  Co  grown  on  Pd  buffer  layers  are 
nearly  square  for  t(;„  S  6  A  with  coercive  fields  of  <  200  Oe.  In  contrast,  the  Co  films 
grown  on  Au  surfaces  show  nearly  square  curves  for  ^  12  A.  Above  these  thicknesses, 
the  easy-axis  becomes  in-plane  with  a  resulting  linear  hysteresis  curve  when  measured  in  the 
perpendicular  direction.  The  difference  in  perpendicular  anisotropy  obserx’ed  for  the  Pd  and 
Au  buffer  layers  is  likely  dominated  by  differences  in  the  quality  of  Co  growth  on  these  two 
surfaces.  However,  for  a  particular  range  of  Co  film  thicknesses  where  the  initial  easy-axis 
is  strongly  in-plane,  deposition  of  approximately  one  atomic  monolayer  (ML  =  2  A  )  of  any 
of  the  metals  Ag,  Cu,  or  Pd  results  in  strongly  perpendicular  square  hysteresis  loops..  This 
surprising  phenomenon  indicates  that  a  large  change  in  the  perpendicular  anisotropy  results 
from  a  very  small  amount  of  overlayer  material. 

To  investigate  the  influence  of  the  overlayer  interface  as  it  is  ptogressively  formed,  we 
measured  hysteresis  curves  as  a  function  of  overlayer  coverage.  Figure  1  is  a  plot  of  the 
coercive  field  Hj  versus  Cu  coverage  of  a  6  A  Co  film  deposited  on  Pd  (111).  The  most 
striking  feature  is  the  pronounced  peak  in  the  coercivity  at  -  2  A  coverage  which,  to  within 
our  resolution  and  control,  is  located  at  -  1  ML.  For  slightly  higher  coverage,  the  coercivity 
rapidly  drops  to  a  minimum  by  -  5  A.  We  have  measured  the  coercive  field  versus  Cu 
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Figure  1  Coercive  field  vs.  Cu  overlayer  coverage  of  a  6  A  Co  film 
deposited  on  Pd  (111).  The  pronounced  peak  at  2  A  is  at  one  monolayer 
coverage  to  within  our  resolution.. 
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overlayer  coverage  for  four  different  Co  thicknesses  4,  6,  8,  and  10  A.  The  pronounced  peak 
with  overlayer  coverage  is  evident  for  all  four  Co  thicknesses  and  is  located  at  the  same  2  A 
coverage.  However,  the  peak-to-valley  change  of  the  coercivity  varies  somewhat,  increasing 
with  Co  thickness.  The  behavior  of  Ag  overlayers  is  very  similar  to  that  of  Cu. 


Figure  2  Coercive  field,  H,.  us.  Pd  oveflayer  coverage  t,y  of  an  8  A  Co  film 
deposited  on  Pd  (111).  The  peak  near  one  monolayer  coverage  is  less 
pronounced  than  for  Ag  or  Cu. 


Figure  2  is  a  plot  of  the  coercive  field  versus  Pd  coverage  of  an  8  A  Co  film  deposited 
on  Pd  (111).  The  behavior  is  similar  to  that  observed  for  the  Cu  overlayers.  However,  Pd 
overlayers  do  not  display  such  a  prominent  coercivity  peak  as  shown  in  Figure  2.  Deposition 
of  2  A  of  Pd  greatly  increases  the  coercivity  of  the  Co  film  compared  to  that  of  the  bare  Co. 
However,  above  2  A  Pd  coverage,  the  coercivity  decreases  much  less  than  for  Cu  and  Ag 
overlayers. 

We  have  simultaneously  measured  the  remanent  elliphcity  £k  to  search  for  any  change  in 
the  total  magnetic  moment  coincident  v/ith  the  large  observed  change  in  coercivity.  Figure  3 
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Figure  3  Remanent  Kerr  elliphcity,  e^,  vs.  Cu  coverage,  t„,  of  the  6  A  Co 
film  from  Figure  1.  The  elliphcity  does  not  show  any  anomalous  behavior 
near  one  monolayer  coverage. 
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is  a  plot  of  elJipticity  wrsus  Cu  coverage  for  the  6  A  Co  on  Pd  sample  of  Figure  1.  In 
contrast  to  the  coerdvity,  £,(  is  constant  near  1  ML  and  hence  there  is  no  abrupt  change  in 
magnetization  with  Cu  coverage. 

There  is  also  no  evidence  from  our  simultaneously  measured  RHEED  data  of  any  large 
discontinuous  structural  changes  for  any  of  the  overlayer  materials.  We  cannot,  however, 
rule  out  any  subtle  structural  changes  below  our  ~1%  resolution.  In  addition,  RHEED 
measures  only  the  in-plane  lattice  spadng  and  is  not  sensitive  to  any  changes  in  the 
perpendiculcU'  atomic  spacings. 

Anisotropy  Mea.surements 

The  pronounced  peak  in  the  perpendicular  coerdvity  we  observe  at  ~1  ML  suggests  a  large 
change  in  anisotropy  with  overlayer  coverage.  However,  coerdvity  is  the  result  of  the 
interaction  of  several  parameters  rather  than  being  a  fundamental  magnetic  quantity.  For 
this  reason  we  have  directly  measured  the  uniaxial  anisotropy  of  Co  films  in  situ  as  a 
function  of  metal  coverage.  To  accomplish  this,  we  measured  hard-axis  magnetization  curves 
and  deduced  the  anisotropy  field  by  extrapolating  the  linear  curves  to  saturation.  Because 
our  MBE  system  is  equipped  with  only  a  2.2  kOe  perpendicular  magnetic  field,  we  are 
limited  to  making  these  measurements  on  films  with  in-plane  easy-axes  of  moderate 
anisotropy  strength.  However,  we  can  create  films  of  this  type  by  selecting  the  proper  Co 
film  thickrress  that  we  grow  on  the  Pd  or  Au  buffer  layers.  Using  this  idea  of  designing 
samples  which  balance  the  relatively  strong  shape  and  interface  anisotropies  against  each 
other  allows  us  to  very  easily  observe  small  changes  in  the  total  anisotropy  energy  due  to 
overlayer  deposition.  Figure  4  is  a  schematic  of  this  measurement  technique. 


H 

Figure  4  Schematic  of  the  in  situ  anisotropy  energy  measurement.  The 
magnetization  m  lies  in  the  plane  of  the  sample  while  the  applied  field  H  is 
perpendiculcir  to  the  film  pleme. 


The  properly  chosen  Co  thickness  allows  saturation  of  the  magnetization  by  our  2.2  kOe 
field  after  overlayer  coverage,  while  still  maintaining  an  in-plane  easy-axis.  In  this  way  we 
can  directly  determine  the  anisotropy  field  from  extrapolation  of  the  hard-axis  curves  to 
saturation  and  calculate  the  total  anisotropy  energy  from  the  relation 

K,  =  HkM./2  (1) 

where  M,  =  1422  emu/cm^  is  the  bulk  saturation  magnetization  of  Co.  To  assure  the  validity 
of  this  technique,  after  completing  our  complete  set  of  in  situ  measurements  we  removed 
representative  samples  and  verified  the  bulk  magnetization  behavior  of  the  Co  with  a 
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vibrating  sample  magnetometer.  We  also  verified  the  saturation  ellipticity  E,.,  with  an  ex  situ 
Kerr  measurement  to  10  KOe. 

Figure  5  is  a  plot  of  the  anisotropy  constant  K,  vs.  Cu  coverage  for  12  A  Co  on  Pd(lll)  and 
18  A  Co  on  Au(lll),  respectively.  The  total  anisotropy  energy  displays  the  same  peaked 
behavior  with  Cu  coverage  we  observed  in  the  coercivity  of  the  perpendicular  films 
discussed  earlier.  The  overall  negative  anisotropy  values  of  Figure  5  indicate  an  in-plane 
easy-axis  was  maintained  throughout  the  coverage  range.  Here  we  have  adopted  the 
convention  used  by  many  researchers,  where  a  positive  K,  indicates  perpendicular 
anisotropy. 


Figure  5  The  total  anisotropy  energy  K,  vs.  Cu  overlayer  coverage  of  12  A 
Co  on  Pd(lll)  and  18  A  Co  on  Au(lll). 

In  Figure  5,  the  initial  total  anisotropies  of  the  two  uncovered  Co  films  are  strong  and  in¬ 
plane,  but  with  different  magnitudes  for  the  Pd  and  Au  buffer  layers.  As  the  Cu  coverage 
is  increased  from  0  to  2  A,  the  magtutude  of  this  anisotropy  energy  rapidly  approaches  zero, 
indicating  the  presence  of  an  increasing  perpendicular  contribuhon.  This  large  increase  in 
perpendicular  cmisotropy  after  Cu  coverage  is  surprising  in  light  of  the  very  weak  interface 
anisotropy  displayed  in  Co/Cu  multilayers.^  Chie  possibility  is  the  existence  of  a  large,  in¬ 
plane  Co/ vacuum  interface  anisotropy  ttiat  is  being  replaced  by  a  perpendicular  contribution 
from  the  forming  Co/Cu  interface.  Such  a  large  in-plane  vacuum  interface  anisotropy  has 
recently  been  observed  in  fee  Co  (100)  films.’  However,  this  picture  is  not  entirely  consistent 
with  our  data  since  there  is  a  large  behavioral  difference  between  Co  grown  on  Pd  and  Au 
buffer  layers.  More  work  is  needed  to  separate  the  substrate  and  morphological  effects  on 
the  anisotropy  in  this  low  coverage  regime. 

Above  2  A  Cu  coverage,  the  total  anisotropy  becomes  increasingly  negative  indicating  a 
reduction  of  the  perpendicular  contribution.  A  possible  explanation  of  this  phenomenon  is 
the  existence  of  a  structural  change  in  the  Co  film  due  to  the  overlayer.  However,  there  is 
no  evidence  from  our  simultaneously  measured  RHEED  data  of  any  abrupt  in-plane 
structural  changes  within  our  resolution  of  -1%.  The  RHEED  streak  spacings  change 
continuously  from  those  of  the  Co  surface  to  those  of  bulk  Cu  (-2%  difference)  by  6  A  Cu 
coverage.  Unfortunately,  we  cannot  say  at  present  whether  frie  Cu  grows  in  a  layer-by-layer 
mode,  and  hence  it  is  difficult  to  uniquely  determine  the  presence  of  strain  at  the  interface. 
However,  as  discussed  earlier,  the  behavior  of  Ag  and  Cu  overlayers  on  Co  is  very  similar. 
These  overlayers  have  very  different  lattice  mismatches  with  Co  (-14%  for  Ag  and  -2%  for  Cu) 
and  hence  it  is  unlikely  that  the  presence  of  localized  strain  at  the  interface  can  entirely 
explain  the  observed  behavior. 

Another  possibility  is  that  the  magnetic  interface  anisotropy  is  very  sensitive  to  details  of 
the  electronic  band-structure.^  Recent  photoemission  measurements’*  of  Cu  monolayers 
deposited  on  ferromagnetic  metals  have  fotmd  electronic  states  that  deviate  significantly  from 
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bulk  behavior.  This  variationo/ the  overlayer  electronic  structure  in  the  monolayer  limit  ma) 
be  related  to  our  observed  peak  in  perpendicular  anisotropy  at  1  ML  coverage.. 


SUMMARY  AND  CONCLUSIONS 

In  conclusion,  we  have  used  in  situ  polar  Kerr  effect  measurements  to  study  the 
perpendicular  magnehc  behavior  of  MBE-grown  Pd/Co/X  and  Au/Co/X  sandwich 
structures  where  X  =  Ag,  Cu,  and  Pd.  For  these  overlayers,  we  find  an  enhanced 
perpendicular  contribution  to  the  coercivity  and  total  anisotropy  peaked  at  a  coverage  of  ~1 
ML.  The  coverage  dependence  reported  here  will  provide  a  rigorous  test  for  theoretical 
explanations  of  the  magnetic  anisotropy  at  interfaces  and  in  layered  metallic  systems. 
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ABSTRACT 

In  the  exciting  field  of  low  dimensional  magnetic  systems  including  surfaces,  interfaces  arui 
thin-filins,  local  spin  density  (LSD)  functional  (ib  ini/io  electronic  structure  calculations  have 
played  a  key  role  by  not  only  providing  a  clearer  understanding  of  the  experitnental  observa¬ 
tions  but  also  predicting  new  systems  with  desired  properties.  Our  extensive  calculated  result> 
demonstrate  that:  (i)  magnetic  clean  surfaces  or  interfaces  with  inert  substrates  undergo  strong 
magnetic  moment  enhancements;  (ii)  the  strong  interaction  witli  nonmagnetic  transition  metab 
diminishes  (completely  in  some  cases)  the  ferromagnetism  and  usually  stabiliijcs  tlie  anliferromag- 
nctic  configuration.  By  including  spin-orbit  coupling  as  a  perturbation,  (i)  reliable  r<‘su!ts  for  the 
magneto-crystalline  anisotropy  of  ultra-thin  films  can  be  obtained  using  the  stale  tr.irking  proce. 
duvo,  although  the  anisotropy  energy  is  a  few  tenths  of  a  meV;  (ii)  spectra  of  the  magtieto-opt ual 
Kerr  effects  and  magnetic  circular  dichroism  in  llie  soft  x-ray  region  can  he  determined. 


INTRODUCTION 

During  the  course  of  the  last  decade,  low-dimensioiial  magnetism  of  surfaces,  interfaces  and 
thill-films  has  matured  into  a  major  branch  of  modern  condensed  matter  physics  and  is  likely 
to  open  vast  vistas  for  practical  applications.  (1,  2)  The  abrupt  termination  of  the  lattice  or 
composition  in  these  systems  leads  to  a  variety  of  exotic  phenomena  such  as  localized  elect  ronir 
states,  magnetic  moment  eniiancement,  perpendicular  magneto-crystalline  anisotropy  (.\IC.\). 
complex  magnetic  ordering,  etc.  Fortunately  today,  it  is  possible  to  .synthesize  and  study  thin 
films  with  either  stable  or  mctastable  phases,  and  this  has  dramatically  and  importantly  increased 
the  range  of  materials  that  are  magnetic  and  hence  the  challenges  for  understanding  magnetism 
ill  low  dimensional  systems. 

U  is  known  that  ab  initio  numerical  energy  band  methods  (mainly  the  full-potential  lineariznd 
augmented  plane  wave  (FLAPW)  method)  based  on  local  spin  density  (LSD)  functional  theory 
have  played  a  very  important  role  in  the  dcvelopmeni  of  lower-dimensional  magnetism,  [d]  The¬ 
oretical  calculations  predicted  the  large  enhancement  of  the  magnetic  moment  for  3d  transition 
metal  (TM)  surfaces  or  TM  ultrathin  films  deposited  on  inert  substrates,  [l]  and  pos.sil)le  mag¬ 
netism  in  some  normally  uon-magnotic  materials  (5);  some  of  these  predictions  have  been  already 
verified  experimentally.  [6,  7].  Stable  magnetic  structures,  e.sperially  some  antiferiomagnetir 
(AF.M)  configurations,  can  now  be  predicted  by  comparing  total  energies  and,  in  the  same  way. 
equilibrium  atomic  geometries  and  lattice  relaxation  (including  surface  and  interface)  can  also 
be  determined.  Very  recently,  we  proposed  and  implemented  a  state-tracking  procedure  to  treat 
the  elb'C-s  of  spin-orbit  coupling  (SOC)  into  our  FLAPW  method.  .As  a  result .  we  can  obtain  ( i ) 
reliable  MC’A  energies  (althougli  it  is  a.s  small  as  a  few  tenths  of  an  meN’/ntoin)  for  real  comphw 
systems  and  (ii)  magneto-optica!  Kerr  elfecl  (MOKF)  and  magnetic  soft  x-ray  circular  dichroism 
(MCD).  Model  analyses  have  been  shown  to  provide  a  clear  physical  picture  for  these  important 
phenomena  previously  thought  to  be  very  complex. 

Re.siilts  surveyed  here  include  predicted  surface  and  interfacial  effects  on  the  magnetic  uh' 
inetit.  magnetic  ordering  and  the  elfects  of  SOC  on  M(b\,  MOKF  ami  MCD. 
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Figure  1:  The  calculated  magnetic  moment  of  3d  transition  metals  in  their  bulk,  surfaces  and 
monolayers.  Open  (filled)  circles  denote  the  ferromagnetic  (antiferromagnetic)  ground  state. 

MAGNETIC  MOMENT  ENHANCEMENT  IN  LOW-DIMENSIONAL  SYSTEMS 

Surprisingly,  early  studies  [8]  reported  that  Ni,  Fe  and  Co  surface  layers  v/ere  magnetically 
“dead”  (later  investigations  traced  these  results  to  surface  contamination).  Now  it  is  well  recog¬ 
nized  that,  as  expected,  environments  with  few  nearest  neighbors  and  hence  weaker  interatomic 
hybridization  are  conducive  to  enhanced  magnetization.  [3]  As  shown  in  Fig.  1,  a  general  trend  is 
clearly  demonstrated  that  the  magnetic  moment  of  3d  transition  metals  increases  with  decreasing 
dimensionality  of  the  system  from  bulk,  surface  to  monolayer  according  to  the  first  principles 
calculations. 

When  first  found,  the  prediction  of  enhanced  magnetism  at  transition  metal  surfaces  was 
thought  to  be  unusual.  Wimmer  et  al.  [9]  attributed  the  large  surface  magnetic  enhancement 
(23%)  for  Ni(OOl)  to  two  additive  effects:  (i)  sp  -  d  dehybridization  at  the  surface  and  (ii) 
electrostatic  shifts  required  to  maintain  layer-by-layer  neutrality.  Since  the  magnetism  of  Ni  is 
determined  by  the  number  of  3d  holes  and  thus  by  the  sp—d  charge  transfer,  it  reacts  very  strongly 
to  changes  in  the  environment  due  to  the  large  spatial  extension  of  the  sp  wave  functions.  For 
the  Ni  monolayer,  s,p  states  become  more  occupied  in  the  vacuum  region  to  lower  the  kinetic 
energy,  which  creates  more  minority  spin  3d  holes  and  thus  enhances  the  magnetic  moment  to 
1.02  pB-  The  same  amount  of  change  for  the  ms^netic  moment  is  expected  for  Co  and  Fe.  Indeed, 
as  shown  in  Fig-  1,  the  three  curves  become  almost  parallel  for  Co  and  Ni  (top  two  curves  for 
Fe,  Co  and  Ni).  For  Fe  bulk,  it  is  known  that  part  of  antibonding  majority  spin  band  becomes 
unoccupied  which,  of  course,  diminishes  the  magnetic  moment  drastically  (reflected  also  by  a 
large  percentage  of  magnetic  moment  enhancement  on  Fe  surfaces).  [10] 

Still  today,  few  directly  measured  magnetic  moment  exist.  A  technique  to  obtain  surface  M 
by  fitting  SPLEED  “rocking  curves”  [6]  has  been  developed  recently  but  there  still  e.xists  some 
uncertainty  because  the  results  were  deduced  from  only  one  spectral  feature.  For  example,  the 
reported  magnetic  enhancement  for  Fe(UO)  [6]  is  36%-40%,  which  is  about  two  times  larger  than 
our  theoretical  result  (19%).  For  Ni(OOl),  the  experimental  value  is  definitely  lower  than  that 
predicted  theoretically;  good  agreement  was  found,  however,  for  Ni(lll)  [11]. 
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Note  that  non  magnetic  elements,  namely  Ti  and  V,  also  possess  magnetism  in  their  mono- 
layers  with  sizable  magnetic  moments  (1.7  fis  and  2.9  hb,  respectively)  due  to  the  reduced 
coordination  number.  Physically,  the  narrowed  3d  band  width  results  in  a  giant  density  of  states 
at  the  Fermi  level  for  the  paramagnetic  (PM)  case,  and  thus  induces  much  stronger  Stoner  mag¬ 
netic  instability  in  the  lowered  dimensions.  For  example,  the  Stoner  factor  for  the  PM  V'(OOl) 
surface  layer  is  0.68,  a  value  still  far  from  1.0  (a  critical  value  for  a  PM  to  FM  phase  transition), 
thus,  V(OOl)  is  magneticrJly  "dead."  For  the  V  monolayer,  with  only  4  second  neighboring  atoms, 
the  Stoner  factor  increases  to  2.19.  This  induced  ferromagnetism  in  a  free  standing  monolayer 
geometry  has  also  been  predicted  for  some  4d  elements  as  Pd,  Rh  and  Ru  etc.  (with  magnetic 
moments  of  0.35  1.45  /Cfand  2.12  /ta,  respectively).  {13J  The  density  of  states  at  Ep  of  PM 

Ru  and  Rh  monolayers  are  found  to  Increase  by  450%  over  their  corresponding  bulk  values,  which 
results  in  a  large  Stoner  factor  (1.45  and  1.89  for  Ru  and  Rh  monolayers,  respectively)  and  thus 
a  Stoner  instability. 

INTERFACIAL  EFFECTS 

An  important  development  in  the  last  decade  is  the  ability  to  study  2D  (monolayer)  magnetism 
by  the  synthesis  of  ultrathin  magnetic  films  on  various  kinds  of  substrates.  The  lively  interplay 
of  theory  and  experiment  has  already  yielded  unusual  results.  (3]  In  general,  interfacial  effects 
with  inert  substrates  (noble  metals  and  ceramics)  do  not  affect  significantly  the  magnetism  of  free 
monolayers  (except  Ni),  while  strong  d  band  interaction  with  transition  metal  substrates  (except 
Pd)  diminishes  the  overlayer  ferromagnetism  substantially  and  usually  leads  to  some  kind  of  AFM 
configuration. 

3d  Overlavers  On  Inert  Substrates 

In  Fig.  2,  the  calculated  magnetic  moment  for  3d  metal  monolayers  on  Ag(OOl)  and  Cu{001) 
substrates  are  presented.  For  Fe  and  Co,  the  Ag  substrate  reduces  their  free  monolayer  magnetic 
moment  only  negligibly,  by  0. 1-0.2  /rg.  This  is  expected  since  Ag  lacks  electronic  states  at 
the  Fermi  energy,  which  minimizes  the  overlayer-substrate  hybridization  and  thus  enhances  the 
overlayer  magnetism.  By  comparison,  Cu(OOl)  exhibits  stronger  proximity  effects  since,  as  shown 
in  Fig.  2,  the  overlayer  magnetic  moments  on  Cu(OOl)  are  0.3  /rg  smaller  than  on  Ag(OOl). 
Physically,  the  reduction  of  the  overlayer  magnetic  moment  results  from  (i)  less  (more)  occupation 
in  the  3d  band  for  majority  (minority)  spin  due  to  the  overlayer- substrate  d-band  hybridization 
and  (ii)  the  feedback  of  sp  electrons  into  the  overlayer  region  (also  explained  as  a  charge  transfer 
from  the  substrate  [14])  which  usually  give  a  negative  contribution  to  that  from  d  electrons. 
The  proximity  effects  are  especially  important  for  Ni  because  of  its  small  magnetic  moment.  As 
shown  in  Fig.  2,  the  Ni  magnetic  moment  decreases  by  0.5  ps  in  Ni/Ag(001)  and  0.7  pg  in 
Ni/Cu(001)  -  about  50%  or  more  of  the  value  for  the  free  standing  monolayer,  1.02  pg.  It  is  not 
surprising  that,  as  predicted  in  FLAPW  calculations  [15]  and  also  confirmed  in  experiments  [16], 
Ni  monlayer  becomes  truly  magnetically  dead  when  sandwiched  by  Ag. 

Mn  and  Cr  monolayers  exhibit  AFM  coupling  of  their  giant  magnetic  moments  for  both 
the  isolated  and  adsorbed  cases.  Surprisingly,  the  greatly  enhanced  moment  of  Cr/Au  is  only 
moderately  reduced  when  Cr  is  itself  covered  by  an  additional  Au  layer.  [17]  The  Cr  magnetic 
moment  is  as  large  as  2.90  pa,  «tnd  a  stable  in-plane  AFM  coupUng  occurs  for  a  Au/Cr/Au(001) 
superlattice. 

Whereas  an  isolated  V  monolayer  is  ferromagnetically  ordered,  the  coupling  changes  dramat- 
iccJly  to  antiferromagnetic  ordering  when  deposited  on  a  Ag(OOl)  substrate.  As  revealed  in  our 
recent  studies,  this  phase  transition  can  be  attributed  primarily  to  interfacitd  sp-d  hybridization 
(with  a  charge  transfer  from  both  Ag  and  V  sites  to  the  interfacial  region).  While  most  of  the  re¬ 
cent  experiments  failed  to  detect  unambiguous  manifestations  of  ferromagnetism  in  V/Ag(001), 
[18]  one  group  claims  to  have  done  so.  [19]  The  reason  for  this  difference  is  still  a  point  of 
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Figure  2:  The  calculated  magnetic  moment  of  3d  transition  metal  monolayers  on  the  Ag(OOl) 
and  Cu(OOl)  substrates.  Open  (filled)  circles  denote  the  ferromagnetic  (antiferromagnetic)  ground 
state. 

controversy. 


3d  Overlavers  On  Transition  Metal  Substrates 

Due  to  the  strong  interfacial  d  band  hybridization  between  magnetic  overlayers  and  transition 
metal  substrates,  large  overlayer  relaxations  and  their  strong  interplay  with  the  magnetism  have 
been  found  for  these  systems.  As  illustration,  we  cite  here  two  examples  (i)  Fe/Ru(0001)  and  (ii) 
Fe/W(001). 

The  Fe(lll)„/Ru(0001)  overlayer  system  (20]  and  the  hep  Fe„/Ru„  [21]  superlattice  were 
reported  to  be  “magnetically  detid”  when  the  number  “n”  of  Fe  layers  is  less  than  2  (on  the 
surface)  or  4  (in  the  superlattice).  Strikingly,  the  ferromagnetism  of  the  first  2  (4)  Fe  layers 
can  not  be  activated  by  deposition  of  successive  FM  Fe  layers,  as  deduced  from  a  thickness- 
dependent  extrapolation.  [20]  The  calculated  total  energy  difference  and  the  magnetic  moment 
for  the  Fe/Ru(0001)  system  (using  the  FLAPW  method)  [22]  are  plotted  in  Fig.  3  with  respect 
to  the  nearest  Fe-Ru  distance.  Obviously,  (i)  the  in-plane  AFM  state  lies  lowest  in  energy  and 
thus  becomes  the  stable  ground  state  for  Fe(lll)/Ru(0001)  -  which  explains  the  origin  of  the 
observed  “magnetically  dead  layers”;  [20, 21]  (ii)  the  magnetization  affects  the  overlayer  relaxation 
strongly,  from  a  6%  contraction  for  PM  case  to  a  1%  expansion  for  the  FM  and  AFM  cases;  and 
(iii)  the  magnetic  moment  becomes  a  strong  function  of  the  Fe-Ru  distance,  especially  for  the  FM 
phase.  At  the  equilibrium  position,  the  local  magnetic  moment  of  A1  M  Fe/Ru(0001)  is  2.2  fis  ~ 
about  reduced  30%  from  that  of  the  free  standing  Fe  monolayer  (with  the  same  pseudoinorphic 
geometry),  2.9  fis-  Calculations  carried  out  for  Fe„/Ru„  superlattices  [23]  found  that  Fe  is 
magnetically  dead  when  n=l.  For  thicker  Fe  films,  the  antiferromagnetic  coupling  through  the 
intervening  Ru  layers  becomes  more  favorable. 

By  contrast,  the  interfacial  interaction  for  Fe/W(001)  is  even  stronger  because  of  the  roughness 
of  the  bcc  W(OOl)  surface.  Our  FLAPW  calculation  results  indicated  that,  although  the  free  Fe 
monolayer  shows  strong  ferromagnetism  with  a  large  magnetic  moment  (3.1  /jb),  Fe/W(001)  has 
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Figure  3;  The  calculated  total  energy  difference  (solid  lines)  and  magnetic  moment  (dashed  lines) 
for  F€/Ru(0001).  Circles,  squares  and  triangles  represent  results  for  paramagnetic,  ferromagnetic 
and  antiferromagnetic  states,  respectively. 

no  stable  or  even  metastable  FM  state.  More  importantly,  the  AFM  state,  with  a  magnetic 
moment  of  0.7  the  equilibrium  position,  is  about  0.01  eV/cell  lower  than  the  PM  state. 
As  was  also  the  case  for  Fe/Ru(0001),  [22]  we  found  that  a  strong  overlayer-substrate  d  band 
hybridization  usually  leads  to  AFM  coupling.  Very  interestingly,  the  FM  of  the  previous  “dead"  Fe 
layer  can  be  activated  by  an  additional  Fe  overlayer  and  the  moments  in  the  interface  and  surface 
layers  increase  to  1.68  pb  md  2.43  ps-  respectively.  Therefore,  the  observation  of  magnetism  in 
Fe/W(001)  should  vary  dramatically  between  one  and  two  layers. 


Possibility  of  Magnetism  in  Non-magnetic  4d  Elements 

Since  the  4d  wave  function  is  more  spatially  extended  compared  to  the  3d's,  their  magnetic 
properties  are  expected  to  be  more  sensitive  to  any  small  change  of  the  environment.  Indeed, 
Pd(OOl)  and  Pd(ni)  are  predicted  to  be  magnetically  dead  despite  the  expectation  of  magnetic 
moment  enhancement  at  the  surface,  A  Pd  monolayer  was  found  to  lose  its  magnetism  on  the 
Ag(OOl)  surface  and  even  on  MgO(OOl),  which  is  found  to  be  an  almost  perfect  substrate  (no 
chemical  interaction)  for  Fe  overlayer  magnetism.  [24] 

Strikingly,  the  magnetism  of  the  free  Rh  monolayer  is  found  to  remain  on  the  Ag(OOl)  and 
Au(OOI)  substrates.  [13]  ffowever,  verification  experiments  failed  to  find  any  evidence  of  ferro¬ 
magnetism  in  Rh/Ag(001)  at  temperatures  down  to  40  K.  [25]  To  verify  this  discrepancy,  FLAPW 
calculations,  including  total  energy  determinations  of  the  overlayer  relaxation,  were  carried  out 
for  the  Rh/Ag(001),  Ru/Ag(001),  Ag/Rh/Ag(001)  and  Ag/Ru/Ag(001)  systems.  We  found  that: 
(i)  the  overlayer  relaxation  is  less  than  2%  for  boih  Ru/Ag(001)  and  Rh/Ag(00I);  (ii)  FM  order¬ 
ing  is  confirmed  to  be  the  ground  state  for  Rh/Ag(001)  with  a  sizable  magnetic  moment  of  0.96 
pe/atom,  but  that  an  additional  Ag  overlayer  diminishes  the  magnetic  moment  to  0.46  pp/atom. 
and  mor<^  importantly,  reduces  drastically  the  energy  of  magnetization  from  0.039  eV/atom  to  al¬ 
most  zero  explaining  the  lack  of  a  FM  signal  in  the  SMOKE  experiments;  [2-5]  (iii)  considerable 
charge  redistributions  for  all  the  systems  (accumulated  in  the  interfacial  region)  suggests  a  strong 
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4d  overlayer-8ubstr&le  i&ter^tion;  (iv)  by  contrast,  the  FM  state  lies  much  lower  in  energy  than 
the  PM  state  for  both  Ru/Ag(001)  and  Ag/Ru/Ag(001)  -  which  thus  provides  a  more  suitable 
system  for  experimental  verifications  of  Ad  ferromagnetism  than  does  Rh. 


X-RAY  MAGNETIC  CIRCULAR  DICHROISM 

It  is  known  that  SOC  induces  orbital  magnetic  moments  in  magnetic  materials.  The  calculated 
orbital  magnetic  moment,  <  4,  >,  was  found  to  enhance  significantly  at  the  Ni(OOl)  surface  (0.08 
/ifi)  and  in  the  free  Ni  monolayer  (0.10  fis)  compared  to  that  for  bulk  Ni  (0.036  pb).  For  Co 
monolayer,  a  more  drastic  enhancement  for  Lg  has  been  found  (0.16  /ib  vs  0.04  /ib  bulk  Co). 
In  fact,  the  perturbation  of  SOC  on  the  wave  functions  is  invers  proportional  to  the  band  width, 
thus  the  enhancement  of  <  Lg  >  in  low  dimensions  is  expected  due  to  the  band  narrowing. 

Now  the  problem  is  how  to  isolate  the  small  orbital  contribution  from  the  predominant  spin 
magnetic  moment  for  3d  transition  metal  systems.  The  recent  development  of  x-ray  magnetic 
circular  dichroism  (MCD)  (26)  sheds  some  light  since  an  MCD  sum  rule  has  been  proposed,  [27] 
which  buildes  up  a  direct  connection  between  <  L,  >  and  the  features  of  the  MCD  spectra  as 

..  <^z>  ,,, 

+  2iV^ 

Here  <t„  =  <r+  —  <t_  and  <Ti  =  <t+  +  «r_ ,  with  <r+,  <7_  and  ctq  representing  the  cross  sections  for  left- , 
right-circularly  polarized  and  parallel  polarized  (along  the  direction  of  magnetization)  incident 
light.  Compared  to  other  techniques,  the  high  element  selectivity  of  MCD  is  especially  useful  for 
identifying  the  magnetism  from  different  specific  atoms  (e.g.,  impurity,  surface  or  interface,  etc.). 
We  carried  out  highly  precise  first  principles  calculations  (based  on  the  FLAPW  method)  and  a 
tight  binding  analysis  and  found  that  the  MCD  sum  rule  is  valid  only  at  high  symmetry  points 
in  the  BriUouin  zone  (BZ).  Thus,  it  cannot  be  applied  to  3d  transition  metal  systems  for  which 
strong  interatomic  hybridization  is  involved. 

To  calculate  the  MCD  spectra  from  first  principles  theory,  one  actually  determines  the  energy 
dependence  of  the  difference  between  <t+  and  <r_.  For  electric  dipole  transitions, 

<^±(E)  =  /j  <  V-.Ip±!K  >  -  E)dk  (2) 

Integrations  of  the  angular  and  spin  momentum  parts  result  in  the  selection  rules 

Af  =  ±l;Am=  ±l;As  =  0  (3) 

We  calculated  the  cross  sections  from  both  a  first  principles  and  a  tight  binding  analytical  way. 
While  the  results  obtained  from  these  ways  agree  with  each  other  and  serve  as  a  check  of  the 
validity  of  the  complex  first  principles  calculations,  we  found  that  the  MCD  sum  rule  is  the  natural 
result  of  our  calculations  for  the  F  point.  Away  from  the  high-symmetry  k  points,  the  LCAO  wave 
functions  with  different  angular  and  magnetic  quantum  numbers  are  mixed  up,  and  the  validity 
of  the  MCD  sum  rule  becomes  a  question.  Our  highly  precise  FLAPW  calculations  indicate  that 
this  MCD  sum  rule  holds  to  within  5-10%  for  transition  metal  systems  if  the  contributions  from 
the  high-lying  s  and  p  states  are  excluded  in  the  integrations  in  Eq  (1).  This  can  be  done  by 
cutting  the  upper-limit  of  integrations  for  total  absorption  and  N)^  when  the  MCD  spectrum 
approaches  zero  (cf.  Fig.  4)  for  both  Lj  and  L2  peaks. 

Fig.  4  presents  the  k-integrated  <7i  (dotted  lines)  and  Om  (solid  lines)  for  the  Ni  monolayer; 
of  course,  only  the  values  above  Ejr  are  detectable  in  absorption  experiments.  Physically,  we 
found  that  SOC  plays  the  key  role  in  MCD  phenomena.  SOC  enhances  (reduces)  the  L3  (L2) 
absorption  peak  for  the  unoccupied  states,  and  reduces  (enhances)  the  L3  (L2)  absorption  peak 
for  the  occupied  states.  MCD  measurements  for  the  occupied  states  (spin-resolved  emission 
experiments)  ate  highly  desired  to  verify  our  other  theoretical  predictions. 
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Figure  4:  The  k-integrated  Om  (solid  lines)  and  <r,  (dotted  lines)  for  a  Ni(OOl)  free  standing 
monolayer.  The  vertical  Ef  lines  separate  the  occupied  and  empty  states.  Arrows  in  panel  point 
out  the  position  of  side  peaks. 

MAGNETO-CRYSTALLINE  ANISOTROPY 

To  determine  the  MCA,  the  SOC  (H**  ={?•£)  must  be  included  into  the  Hamiltonian. 
In  transition  metal  systems,  since  the  SOC  is  much  weaker  compared  to  the  crystalline  field, 
a  perturbative  (rather  than  self-consistent)  treatment  based  on  a  force  theorem  [28]  is  usually 
adopted  in  MCA  calculations,  in  which  the  SOC  induced  change  of  total  energy  is  given  by 
=  So'^i  “  Now  the  problem  is  how  to  define  the  set  {O'}  of  occupied  states  after 

SOC  is  introduced.  In  all  previous  calculations,  (29,  30]  {O'}  was  defined  solely  by  comparing 
the  eigen-energies,  regardless  of  any  information  about  their  wave  functions  (Fermi  filling). 
This  definition  (i)  results  in  a  strong  stochastic  MCA  energy  distribution  in  the  BZ  and  with 
respect  to  the  charge  filling  [30]  and  (ii)  violates  its  basic  assumption,  i.e.,  minimal  change  of 
the  charge  and  spin  densities  required  by  the  correct  application  of  the  force  theorem.  [28]  This 
is  why  previous  first  principles  theoretical  studies  of  MCA  actually  resulted  in  seemingly  more 
controversy  than  success.  [30] 

Very  recently,  we  proposed  a  state  tracking  technique  [31]  to  determine  the  set  of  occupied 
states  {O'}  which  can  ensure  the  stability  of  the  calculated  MCA  energy  with  respect  to  the 
number  of  k  points,  electron  filling  and  even  the  SOC  scaling  factor.  We  treat  the  11*'  in  a  second 
variational  way  employing  the  eigenvalues  and  wave  functions,  obtained  for  the  unperturbed 
Hamiltonian,  H°,  using  the  regular  FLAPW  method  as  basis.  Whether  the  state  should 
be  considered  occupied  is  determined  by  tracking  its  projection  onto  the  occupied  states  by 
defining 

i^’"=  x;  (4) 

j€<occ> 

rather  than  using  its  energy  Since  is  very  weak,  this  definition  does  not  introduce  any 
ambiguity,  i.e.,  the  value  of  is  either  >99%  or  <1%  (excluding  degenerate  state  pairs  which 
have  no  contribution  to  MCA).  In  this  sense,  the  newly  occupied  states  give  almost  the  same 
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Figure  5;  The  calculated  band  structure  (bottom  panel,  lines  for  minority  spin  states,  circles  for 
majority  spin  states)  and  the  distribution  of  the  ms^neto-crystalline  anisotropy  energy  along  high 
symmetry  lines  for  the  Co(OOl)  monolayer.  Numbers  denote  the  symmetry  properties  of  states. 
The  arrow  points  out  the  position  of  the  surface  pair  coupling. 

spatial  distribution  of  the  charge  and  spin  densities  -  which  ensures  the  correct  application  of 
the  force  theorem.  Furthermore,  such  a  state-tracking  procedure  is  done  independently  at  each 
k  point;  hence,  the  randomness  in  the  BZ  can  also  be  removed. 

We  applied  this  state-tracking  procedure  to  study  the  magnetic  anisotropy  of  the  Fe,  Co 
and  Ni  monolayers,  Co/Cu(001)  overlayer  system  and  Cu/Co/Cu  sandwiches.  Stable  calculated 
results  allow  us  to  reveal  important  background  physics  and  to  provied  general  trend  for  the 
MCA.  For  a  simple  demonstration,  here  we  will  discuss  why  Co  (in  plane)  and  Fe  (perpendicular) 
ultra  thin  films,  favor  different  MCA  directions. 

The  calculated  band  structure  for  the  Co(001)  monolayer  is  presented  in  the  bottom  panel 
of  Fig.  5.  There  are  two  important  SOC  contributions,  i.e.,  (i)  states  5  and  5“  through  Lj  and 
(ii)  states  1  and  5(5*)  through  L,^.  As  clearly  shown  in  the  top  panel  of  Fig.  5,  SOC  between 
5  and  5*  contributes  a  positive  MCA  energy  along  the  S  direction.  However,  in  most  parts  of 
ihc  Brillouin  zone,  SOC  between  1  and  5  ^o’)  becomes  stronger  (resulting  in  a  negative  MCA 
energy)  because  of  either  the  occupation  of  both  5  and  5*  (around  M)  or  |fi  -  esi  <  jcs  -  ts-l 
(along  A).  The  calculated  tottJ  MCA  energy  (integrated  over  the  BZ)  is  -1.35  meV/atom  for 
the  free  Co  monolayer  -  indicating  an  in-plane  magnetization.  Note  that  in  the  middle  of  the 

line,  states  1  and  5*  become  almost  degenerate  at  Ef,  which  results  in  a  singularity  of  the 
MCA  energy  as  pointed  out  by  an  arrow.  This  so-called  surface  pair  coupling  requires  special 
treatment  in  some  cases  [31,  32).  For  Fe,  the  Fermi  level  shifts  down  by  0.5  eV.  As  a  result,  the 
predominant  SOC  pair  will  be  5  -  5*  (especially  in  the  area  around  M)  and  the  MCA  energy 
becomes  positive  in  most  of  the  BZ  for  the  Fe  monolayer.  The  calculated  MCA  energy  for  Fe 
monolayer  (with  the  same  lattice  constant  as  that  for  the  Co(OOl)  monolayer)  is  0.42  meV/atom 
-  indicating  a  perpendicular  magnetization. 
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MAGNETO-OPTICAI,  EFFECTS 
SMfiKE 

The  surface  magneto-optic  Kerr  effect  (SMOKE)  has  recently  been  demonstrated  to  be  a 
powerful  m  situ  characterization  probe  of  the  magnetic  and  magneto-optic  properties  of  magnetic 
films  during  the  growth  process.  [33]  Now  it  is  well  accepted  that  the  Kerr  effect  results  mainly 
from  the  combined  action  of  SOC  and  exchange  interaction  in  the  process  of  interband  transitions. 
[34]  SOC  acts  as  a  magnetic  field  and  thus  breaks  the  symmetry  between  the  absorption  for  left- 
and  right-handed  circularly  polarized  photons.  The  exchange  interaction,  on  the  other  hand, 
separates  the  majority  and  minority  spin  states  and  allows  a  net  rotation  of  the  polarization 
plane  of  the  incident  light.  Since  the  Kerr  effect  is  determined  by  SOC  perturbations  on  the 
wave  functions  (including  states  lying  10-20  eV  above  E^r),  a  very  accurate  treatment  of  both  the 
semi-relativistic  ground  state  properties  (magnetic  moment  and  band  structures,  etc.)  and  SOC 
perturbation  are  essential  to  obtain  correct  results  theoretically. 

For  the  roost  important  physical  case  of  SMOKE,  i.e.,  the  polar  Kerr  effect,  both  the  magne¬ 
tization  and  the  incident  wave  vector  are  perpendicular  to  the  surface.  Recently,  we  developed 
an  approach  and  a  computer  code  to  calculate  Kerr  effects  for  both  bulk  and  thin  him  materials 
based  on  the  FLAPW  method.  Our  goal  is  to  explore  the  physical  origin  of  the  Kerr  effects  on  the 
microscopic  level  and  ,  hopefully,  to  predict  ultimately  new  magneto-optic  materials.  First  results 
obtained  for  the  Ni(OOl)  surface  (simulated  by  1,  3  and  5  layer  slabs)  and  bulk  Ni  show  that  the 
agreement  between  the  calculated  and  measured  curves  for  bulk  Ni  is  acceptable  considering  that 
the  existing  experimental  values  are  highly  scattered.  [35]  In  addition,  we  found  that  there  is 
no  simple  (e.g.,  proportional)  relationship  between  the  intensity  of  the  SMOKE  signal  and  the 
magnetic  moment  for  a  given  photon  energy. 


CONCLUSIONS 

In  summary,  state-of-the-art  a6  im'fio  LSD  electronic  structure  calculations  have  achieved 
great  success  in  the  exciting  field  of  thin  film  magnetism,  in  both  explaining  existing  phenomena 
and,  more  importantly,  in  predicting  the  properties  of  new  systems.  Dlustrative  results  demon¬ 
strate  that;  (1)  the  lowered  coordination  number  at  clean  metal  surfaces  leads  to  enhanced 
magnetic  moments;  (2)  inert  substrates  do  not  affect  the  magnetism  in  most  cases,  but  show 
significant  effects  on  4d  overlayers;  (3)  the  strong  interaction  (hybridization)  with  nonmagnetic 
transition  metals  diminishes  (entirely  in  some  cases)  the  ferromagnetism  and  usually  leads  to 
AFM  ordering;  (4)  the  magnetic  anisotropy  can  be  predicted  correctly  using  the  state-tracking 
procedure;  and  (5)  magneto-optical  Kerr  effect  and  magnetic  circular  dichroism  can  be  explained 
in  the  framework  of  single  particle  interband  transitions.  In  the  future,  electronic  structure  the¬ 
ory  is  expected  to  continue  play  a  more  predictive  role  by  considering  more  complex  systems,  by 
eliminating  the  limitation  of  the  local  spin  density  approximation  and  developing  more  efficient 
and  precise  methods. 
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MECHANISM  FOR  THE  MAGNETORESISTANCE  OF  PURE  BULK 
FERROMAGNETS  AND  COMPOSITE  THIN  FILM  STRUCTURES 
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ABSTRACT 


A  unified  explanation  is  given  of  the  long-standing  question  of  the  origin  of  the  low- 
field  magnetoresistance,  MR.  behavior  in  pure  ferromagnetics  and  the  large  magnetoresistance 
effects  seen  in  magnetic  layered  and  granular  structures.  It  is  shown  that  the  main 
contributions  to  these  effects  are  due  to  the  scattering  that  occurs  at  the  magnetic  boundaries 
between  non-aligned  magnetic  regions.  This  scattering  occurs  because  the  predominant 
conduction  electrons  in  3d  ferromagnetics  are  the  highly  polarized  itinerant  d  electrons.  As  a 
result  of  this  polarization  the  majority-band  d  electrons  are  strongly  reflected  at  an  antiparallel 
magnetic  boundary  due  to  a  lack  of  available  states  for  occupancy.  The  traversing  electrons  are 
further  scattered  as  they  cross  the  boundary  due  to  a  discontinuity  in  the  potential  caused  by  the 
interchange  of  their  Idnetic  and  exchange  energies  at  the  boundary.  Expressions  for  the 
magnetoresistance  due  to  these  scattering  mechanisms  are  derived  and  shown  to  describe  very 
well  the  wide  variety  of  magnetoresistance  values  and  other  features  found  in  the  literature  for 
both  pure  Fe  and  nano-structures  of  Fe  or  Co  with  non-magnetic  materials.  The  MR 
magnitude  is  seen  to  vary  inversely  with  the  domain  size.  Thus  the  domain  size  and  sample 
purity  are  seen  to  be  the  main  factors  that  determine  the  magnitude  of  the  MR  effect  in  pure 
ferromagnets.  The  large  MR  values  seen  in  layered  and  granular  magnetic  structures  arise  from 
the  small  effective  domain  size  attainable  in  these  structures.  This  is  achieved  by  introducing  a 
non-magnetic  material  into  these  structures  which  allows  the  effective  domain  size  to  be 
decreased  from  the  micron  range  of  the  pure  ferromagnetic  elements  into  the  nanometer  range. 


INTRODUCTION 


The  low  field  magnetoresistance  (MR)  of  the  3d  ferromagnetic  elements  was 
extensively  studied  in  the  1960's  and  i970's.  It  was  found  that  at  liquid  He  temperatures  Fe 
had  huge  magnetoresistance  effects'-^.  For  example,  at  4.2K,  a  transverse  MR  effect  of 
magnitude  15  was  reported  in  Ref.  1  and  longitudinal  magnitude  of  7.8  along  the  <1 1 1> 
direction  was  reported  in  Ref.  2.  It  was  found'  that  the  largest  MR  values  were  obtained  in  the 
purest  samples. 

More  recently  several  series  of  experiments  in  various  laboratories  have  found  that 
sandwiches^-"  or  granular'^-'S  nano- structures  containing  magnetic  and  non-magnetic 
materials  have  "large"  low-field  magnetoresistance  values  ranging  up  to  ~1.  Several  highly 
parameterized  versions  of  a  theoretical  explanation''-'*-'7  based  on  the  assumption  that  the 
spin-up  and  spin-down  electrons  of  the  ferromagnet  have  appreciably  different  scattering 
amplitudes  for  solute  atoms  of  the  non-magnetic  element,  have  been  proposed  to  explain  these 
results.  However,  the  spin-dependent  scattering  rates  used  in  these  calculations  for  the  solutes 
in  Fe  have  recently  been  shown'*  to  be  incorrect  by  a  large  factor  and  furthermore  the 
systematics  of  the  magnitude  of  the  measured  MR  effects  do  not  correlate  well  with  the 
measured  scattering  rates;  so  these  theories  do  not  explain  the  experimental  data  well. 
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The  earlier  MR  effect  in  Fe  had  been  attributed  to  scattering  in  the  domain  walls,  e  g  . 
due  to  a  spin-orbit  interaction  of  the  conduction  electrons  with  the  magnetic  inhomogeneities  in 
the  domain  walls.  However,  no  satisfactory  theory  was  ever  developed  to  explain  the  data 
although  one  of  the  papers'^  contained  a  scattering  mechanism  which  is  very  similar  to  one  of 
those  discussed  here  and  previously  presented  elsewhere-®.  However,  in  Ref.  19  it  was 
concluded  that  this  mechanism  would  not  give  a  large  MR  effect  oecause  the  authors  presumed, 
in  keeping  with  the  popular  belief  at  that  time,  that  the  conduction  electrons  were  essentially 
unpolarized  s-like  el^ttons. 

Here  it  is  shown  that  the  MR  behavior  for  both  the  pure  materials  and  the  nano- 
stuctures  can  be  explained  by  the  scattering  of  the  itinerant  d  electrons,  d,.  as  they  cross 
unaligned  magnetic  boundaries.  These  are  the  predominant  conduction  electrons  in  3d 
ferromagnetic  transition  metals-'. 


CAUSE  OF  magnetoresistance  OF  PURE  FERROMAGNETS 


The  MR  effect  is  defined  as  MR=(R(H)-Rsatl/Rsai.  where  R{H)  is  the  resistance  of  the 
film  with  an  applied  field,  H,  and  R^ai  is  the  film  resistance  at  a  sufficiently  high  H  value  to 
give  magnetic  saturation  of  the  sample  but  not  so  high  that  there  is  an  appreciable  component  of 
the  normal  high-field  galvomugnetoresistance.  The  maximum  MR  effect.  MR',  is  then  MR'= 
(Rmax  -  Rinin)/Rmin-  The  salient  features  of  the  MR  effect  are  that  it  reaches  its  maximum 
when  the  net  magnetization  is  zero,  i.e..  when  there  is  the  maximum  amount  of  antiparallel 
alignment  in  the  sample.  It  then  decreases  to  zero  monotonically  as  the  magnetization 
increases. 

A  central  point  for  understanding  the  MR  effect  is  the  realization  that  the  conduction 
electrons  in  ferromagnetic  Fe  are  predominantly  the  highly  polarized  d-like  (itinerant) 
conduction  electrons,  dj.  These  are  the  same  electrons  that  cause  the  ferromagnetic  coupling  of 
the  local  moments  through  the  RKKY  interaction-'.  The  fact  that  the  major  portion  of  the  Fe 
conduction  electrons  are  itinerant  d's  is  seen  from  the  Fe  band  structure—  depicted  in  Fig.  1. 


Fig.l.  The  band  structure 
of  Fe  in  several 
crystallographic 
dt.»:tions. 
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The  lowest  bands  are  the  4sp-like  electrons  and  the  other  five  bands  are  the  d  electrons.  It  is 
seen  that  four  of  'he  d-bands  are  rather  flat  corresponding  to  the  localized  d  levels:  in  some 
regions  they  have  curvature  due  to  hybridization  with  the  4sp-like  electrons.  The  fifth  d-band, 
shown  darkened  for  each  spin,  has  a  parabolic  behavior  with  a  curvature  corresponding  to  an 
effective  mass  of  about  that  of  a  free  electron.  These  are  the  itinerant  d-Uke  electrons.  We  have 
labeled  the  orbital  character  of  each  band  which  crosses  the  Fermi  level;  di  for  the  itinerant  d's 
and  sp  or  s  for  the  4sp-like  electrons.  It  is  seen  that  the  sp-like  bands  seldom  cross  the  Fermi 
level  and  so  contribute  very  little  to  the  conductivity.  That  this  is  so  was  strikingly  seen  in  a 
series  of  tunneling  experiments  between  various  ferromagnets  and  a  superconductor  by 
Meservey  et  al.-^  which  measured  the  spin-polarization  of  the  tunneling  electrons.  It  was 
found  that  the  spin  polarization  was  proportional  to  the  ferromagnetic  moments.  It  was 
shown-^  that  this  proponionality  occurred  because  the  d,  electrons  are  the  main  conduction 
electrons.  In  contrast  with  tunneling  from  a  normal  meui,  due  to  the  d,  electrons  converting 
their  exchange  energy  into  kinetic  energy  as  they  enter  the  tunneling  region  the  values  of  the 
Fermi  leve'  kp  vectors  in  the  ferromagnetic  state  explicitly  appear  in  the  expression  of  the 
tunneling  current.  These  kp  values  directly  reflect  the  d^  band-splitting  which  is  proportional  U) 
the  ferromagnetic  rtuments. 

As  is  well-known,  the  domains  in  a  ferromagnetic  material  have  the  full  magneuzation: 
i.e.,  the  band  splitting  in  all  regions  of  a  ferromagnetic  material  is  always  the  full  splitting. 
Reduced  magnetization  of  a  sample  only  corresponds  to  the  magnenzation  direction  not  being 
the  same  for  ail  domains.  Thus,  incomplete  magnetization  should  be  considered  as  the  sample 
being  composed  of  varying  amounts  of  parallel  and  antiparallel  regions.  This  allows  the  use  of 
the  simplified  model  for  the  magnetic  boundaries,  depicted  in  Figs.  2a  and  2b,  for  deriving 


Fig. 2.  Schematic  depiction  of  the 
main  contributions  to  the 
magnetic  boundary  scatter¬ 
ing  in  Fc.  (a)  Scattering  due 
to  the  lack  of  states  for  oc¬ 
cupancy.  (b)  and  (cl  Scat¬ 
tering  from  the  step  potential 
seen  by  the  dj's  in  crossing 
a  magnetic  boundary. 
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expressions  for  the  resistivity  arising  from  the  scattering  mechanisms  discussed  here. 

The  scattering  giving  rise  to  the  MR  of  Fe  is  due  to  two  effects.  One  contribution 
comes  from  the  reflection  of  majority  electrons  at  an  antiparallel  magnetic  boundary  because  the 
occupied  Fermi  spheres  for  the  spin-up  and  spin-down  electrons  differ  greatly  in  size.  This  is 
depicted  schematically  in  Fig.  2a  where  we  show  a  realistically  scaled  version  of  the  size  of  the 
Fermi  spheres  in  Fe  for  the  majority  and  minority  di  electrons.  Where  majority  (minority)  are 
defined  as  the  spins  parallel  (antiparailei)  to  the  direction  of  magnetization.  As  indicated,  many 
of  the  occupied  majority  states  no  longer  exist  in  going  from  a  region  of  parallel  to  antiparallel 
magnetization  since  here  the  spin-up  states  are  the  minority  states.  Thus,  as  the  majority  dj's 
encounter  a  boundary,  B,  between  M^  and  a  fraction  R(j  are  reflected.  In  contrast,  the 
spin-down  electrons  crossing  the  same  boundary  undergo  no  reflection  from  this  effect  since 
there  are  sufficient  available  spin-down  states  in  the  region  to  accommodate  them. 
However,  for  Fe.  Co  and  less  so  for  Ni  the  conduction  electrons  are  predominantly  majority 
spins. 

Note  that,  in  contrast  to  the  behavior  of  the  spin  of  a  traversing  neutron,  an  electron 
spin  does  not  follow  the  spin  rotation  in  crossing  a  domain  wall.  This  occurs  for  two  reasons: 
First,  the  wavelength  of  thermal  neutrons  is  of  the  order  of  the  atom  separation  while  that  of  the 
electrons  at  the  Fermi  surface  is  ~6A  for  majority  and  -IbA  for  minority  dj  electrons.  Second, 
the  transit  time  for  thermal  neutrons  to  cross  adomain  wall  of  SOOA  is  -2x10  "  sec  while  that 
the  electrons  at  the  Fermi  level  is  -IxlO  ’^  sec  for  minority  electrons  and  -4x10  sec  for 
majority  electrons.  Thus,  while  neutrons  are  able  to  adiabatically  follow  the  spin  direction  in 
the  wall,  the  sudden  approximation  applies  for  the  electrons  and  they  do  not  change  spin 
direction  in  crossing  a  wall. 

A  second  contribution  to  the  scattering  occurs  at  B  for  both  majority  and  minority 
electrons  due  to  a  change  in  the  potential  caused  by  the  interchange  of  the  kinetic  and  exchange 
energies  at  the  boundary  as  indicated  in  Fig.  2b  and  2c.  In  crossing  B  the  total  energy  of  the 
electrons  remains  the  same  but  the  kinetic  energy,  KE.  of  all  majority  spin  electrons  is  reduced 
by  the  amount  of  the  exchange  energy  splitting,  A.  Thus  in  crossing  B  the  majority  electrons  at 
the  Fermi  level  remain  at  Ep  but  with  a  reduced  kp  value  corresponding  to  that  of  the  minority 
spin.  Such  elections  are  denoted  by  1  in  Fig.  2b.  In  a  similar  manner  majority  electrons  with  a 
KE  =  A  end  up  at  the  bottom  of  the  minority  bands  as  they  cross  B.  Such  electrons  are  denoted 
by  2  in  Fig.  2b.  All  the  majority  electrons  having  a  KE  less  than  A  have  no  states  available  for 
occupancy  as  they  attempt  to  cross  B;  so  they  are  reflected  at  B.  These  states  are  depicted  by 
the  darkened  curves  in  Fig.  2b.  In  contrast  all  minority  states  have  an  increase  in  KE  equal  to 
A  upon  crossing  B.  So  they  go  into  states  near  the  top  of  the  majority  bands  leaving 
unoccupied  lower  k-value  states.  Corresponding  minority  states  that  traverse  B  at  Ep  and  the 
bottom  of  the  minority  band  are  also  labeled  1  and  2  respectively. 

The  reflectivity  from  the  this  scattering  contribution  due  to  the  discontinuous  potential  at 
an  antiparallel  boundary  for  both  the  majority  and  minority  electrons  is  given  by  the  well- 
known  expression  for  the  reflectivity  from  a  step  potential  depicted  in  Fig.  2c. 


Rs  =  [(l  +A/ei)''’-  11/1(1  -t- A/£J->''2 -I-  1 1 


(1) 


Where  A  is  the  exchange  splitting  of  the  di  bands  and  r-*-  is  the  normal  energy  component  of  the 
minority  state  when  the  incident  electron  is  either  entering  or  leaving  the  step  potential. 

Due  to  the  random  orientation  of  the  domains  at  M=0  the  current  which  is  parallel  to  the 
domain  walls  in  bulk  Fe  samples  is  small  Thus  considerations  of  whether  the  scattering  is 
specular  or  non-specular  at  the  magnetic  boundaries  is  unimportant  here. 
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CALCULATION  of  MR  for  PURE  FERROMAGNETS 


The  maximum  resistivity  occuiring  for  complete  anDparallel  alignment,  is  the  sum 
of  the  magnetic  boundary  scattering,  Pmb.  and  all  the  other  types  of  scattering  which  are 
present  when  there  are  no  magnetic  boundaries,  p^^.  thus  P^^=Pmb  +  We  assume  that 
the  various  types  of  scattering  are  independent  and  p^^=  Pimpuriiy  +  Pmagnon  +  Pphonon-  Thus 
the  maximum  MR  value  is  given  by 

MR'=  (p^-*'  -p"^^)  /p^^=pMB  /p^^-  (2) 


Many  of  the  derivations  made  to  obtain  the  resistivity  giving  rise  to  the  low  field  MR 
have  used  the  Boltzmann-equation  approach  to  justify  the  use  of  the  semiclassical  kinetic 
free-clectron  expression  foi  the  resistivity.  Here  we  assume  that  this  is  valid,  and  applies  well 
to  the  parabolic  bands  of  the  di 's,  so  that  we  use  the  well-known  expression  p  =  m/(ne^T)  to 
derive  the  resistivity  Pmb- 

Let  us  calculate  Pmb  fot  pure  Ec  at  low  temperatures  where  Pmb  >5  the  predominant 
contribution  to  the  resistivity  at  M=0.  Consider  the  hypothetical  case  where  all  adjacent 
domains  are  aligned  antiparallel,  as  shown  in  Fig.  2.  Let  n^  and  n'^  be  the  number  of  majority 
and  minority  di  electrons  per  unit  volume  respectively  and  be  the  collision  times 
corresponding  to  the  transit  time  between  antiparallel  magnetic  boundaries.  We  then  have 
p^-^=  m/(n^-re2T^-^).  Since  here  we  are  concerned  only  with  the  maximum  MR'  value 
corresponding  to  no  net  magnetization,  the  system  is  completely  symmetric  for  t  and  f  spins. 
Thus  the  mean-free-path,  mfp,  is  given  by  X  =v|:^t^=vi:'l'T^.  Substituting  n=kF^/12jt-  for  bcc 
Fe,  the  resistivities  in  terms  of  the  Fermi  wave  vectors  are  given  by 

pT-‘'=  12)tW  (e^Xkp^-*--) 


We  must  now  decide  how  the  two  spins  channels  should  be  added  in  order  to  obtain 
Pmb-  There  are  two  extreme  cases,  one  where  the  two  channels  are  completely  mixed  so  that 
p^  and  p^  should  be  added  in  series  first  and  then  in  parallel  giving 


Pmb  =  p’'+  P^=  (6)iWe-XMB)(l/kF^“+>/kF^-)-  (3) 


The  other  extreme  is  no  mixing  so  that  p^  and  p^  should  be  added  in  parallel,  giving 


Pmb  =  p’''pV(p''^+p^)=  (12)iWe-XMB)AkF'‘--+kF'''-).  (4) 


Where  the  mfp,  Xmb.  for  scattering  is  the  average  distance  traveled  by  the  conduction  electrons 
between  being  scattered  by  magnetic  boundaries.  Note  that  all  quantities  in  Eqs.  3  and  4  are 
known  except  Xmb  The  degree  of  mixing  depends  on  the  magnitude  of  the  reflectivity  at  the 
boundaries. 

It  is  of  interest  to  comment  on  the  difference  between  the  two  spin  channel  model  for 
this  resistivity  and  that  used  to  derive  the  spin-dependent  scattering  cross-sections  of  solute 
atoms  in  ferromagnetic  hosts'*--*.  In  that  case,  in  order  to  avoid  effects  due  to  the 
magnetoresistance,  the  measurements  are  made  in  applied  fields  which  are  strong  enough  to 
remove  all  the  domains.  The  zero  field  resistivity  values  used  to  determine  the  spin-dependent 


cross-sections  are  then  obtained  by  extrapolating  the  measured  resistivities  back  to  zero  fiekl*^. 
The  applied  field  thus  prevents  the  mixing  of  the  spin  up  and  down  channels  by  the  domains 
and  under  these  conditions  at  low  temperatures  the  observed  resistivity  is  due  to  the  spin  up 
and  down  channels  conducting  independently  in  parallel. 


Estimate  of 


In  order  to  estimate  the  mfp  for  a  sample  at  we  idealize  the  system  to  be  an  array 
of  volumes  with  average  linear  dimension  of  D  where  each  volume  is  surrounded  by  volumes 
having  antiparallel  alignment.  In  Fig.  3  we  depict  the  possible  scattering  processes  for  both 
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Fig.  3.  Schematic  diagram  for  calculation  of  Xmb 


majority  and  minority  electrons  in  crossing  the  antiparallel  boundaries  of  such  an  array.  We 
obtain  the  average  mfp,  X.mb.  by  summing  over  all  possible  weighted  Xmb  values. 

Consider  an  electron  that  has  just  been  scattered  at  boundary  (1).  At  the  next  magnetic 
boundary  (2)  a  spin  up  (majority)  electron  has  a  probability  of  reflection  of  Rm  given  by 
Rm=R<1  +  TjRs  or  Rs  +  TjRd  =Rd+  Rj-RdRs  "'bile  a  spin  down  (minority)  electron  has  a  prob¬ 
ability  of  reflection  of  Rjdue  only  to  the  step  potential  at  the  boundary.  T  is  the  probability  of 
transmission,  equal  to  1-R.  As  indicated  in  Fig.  3  if  an  electron  is  not  reflected  at  a  magnetic 
boundary  it  switches  roles  between  majority  and  minority  in  the  next  domain  so  the  probability 
of  reflection  at  the  next  boundary  (3)  is  Rj  for  a  spin  up  electron  and  Rm  for  a  spin  down 
electron.  Summing  over  all  the  possibilities  the  average  mfp  for  a  majority  electron  starting  at 
boundary  (1)  is  thus  given  by 


Xm=  DRm  2DTmRs  +3DTmTsRm+4DTm-TsRs-i-5DTm-Ts-Rm  +  •  ■  ■ 


or  =  D(Rm+  2RsTm) I  (2n-l)  (TmTs)"  •. 

n=l 


By  expanding  and  dividing  1/(1  -  T)2  ii  i$  easily  seen  that 
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2  n  T"‘l=  1/(1  -  T)2;  also  using 
n=l 


1 


n=l 


7"-'=  1/(1  -T), 


we  obtain 


Xm=  D(Rm+  2RsTm)  [2/(1-TmTs)2  -  1/(I-TmTs)1 


In  a  similar  manner  it  can  be  shown  that  the  mfp  for  a  minority  electron  starting  at  boundary  (1) 
or  the  majority  electron  starting  at  boundary  (2)  is  given  by 


D(Rs+  2RmTs) f  (2n-l)  (TmTs)"  ' 
n=l 


Since  the  mfp,  Xmb.  for  boundary  scattering  in  a  ferromagnet  of  with  an  equal  number  of  an¬ 
tiparallel  domains  of  average  size  O  is  completely  symmetric  for  majority  and  minority  elec¬ 
trons  it  is  given  by  Xmb=(^m+^)/2  so  we  finally  get 


Xmb=D(3(  Rm+  Rs)/2  -2RsRmI(2/(1-TmTs)2  -  1/(1-TmTs))  (5) 


The  actual  magnetization  of  the  domains  in  polycrystalline  Fe  samples  at  M=0  is 
composed  of  a  complex  array  of  regions  magnetized  in  various  directions.  This  can  be  taken 
into  account  by  multiplying  Pmb  by  a  factor.  A,  obtained  by  averaging  (l-cose)/2)  over  all 
directions,  where  6  is  the  angle  between  the  magnetization  directions  of  two  adjacent  domains. 
Thus  A=  l(l-cos6)/2)  p(0)dt2/4jt,  where  p(0)  is  the  probability  distribution  of  0.  The  value  of 
A  is  1  for  a  system  where  all  the  adjacent  domains  are  antiparallel  lp(0)=6<Jt))  and  1/2  for 
completely  random  orientation  of  the  domains  (p(0)=  1  ].  Thus 


MR=Apmb  /p^^ 


(6) 


For  an  incompletely  aligned  sample  having  magnetization,  M,  less  than  the  saturation 
magnetization,  Ms.  the  resistivity,  giiB.  is  given  by  <;mb  =  Af(M/Ms)PMB.  For  M<Ms  in  the 
region  of  domain  wall  motion  the  size  of  the  domains  is  no  longer  equal  so  the  value  of  Xmb 
differs  from  that  derived  above.  In  general  it  has  been  found  experimentally  that  the 
magnetoresistance  varies  less  rapidly  than  M  and  the  functional  form  of  f(M/Ms)  has  been 
taken  to  vary  as  ll-(IM  /MsD")  with  n>l.  Since  here  we  are  only  concerned  with  the  maximum 
MR  values  the  exact  dependence  on  M  is  not  considered  further. 

For  Fe  at  low  temperatures,  where  pmagnon  and  Pphonon  are  negligible,  we  have  MR’= 
ApMB  /pimpuriiy-  In  this  case  MR'  becomes  very  large  for  the  pure  samples  and  strongly 
depends  upon  the  purity,  as  observed'.  At  room  temperature  pphonon  genertilly  dominates  and 
is  much  larger  than  pMB  so  MR'  is  less  than  a  percent. 


EVALUATIONS  of  MR'  for  Fe 


We  can  evaluate  MR'  for  Fe  as  follows.  The  average  Icp^  and  kp'*'  values  from  band 
calculations  and  de  Haas-van  Alphen  measurements^^  for  Fe  are  l.lA  '  and  0.42A  ‘  respec¬ 
tively.  This  corresponds  to  the  number  of  majority  and  minority  di  electrons  of  0.26  and  0.015 
electrons  per  atom  respectively. 

The  density  of  states  or  the  number  of  minority  di  states  in  a  shell  of  thickness  AE  at 
the  Fermi  level  is  -38%  of  the  number  of  majority  states.  Thus  the  reflectivity  due  to  the  lack 
of  states  for  occupancy  in  crossing  a  magnetic  boundary  is  R<j  -62%  .  An  estimate  of  the 
reflectivity  due  to  the  step  potential  at  a  magnetic  boundary,  Rj,  can  be  made  using  Eq.  1 .  The 
minimum  reflectivity  of  the  electrons  is  obtained  for  incident  angles  perpendicular  to  the 
boundary  with  £■*•  =  ep'*’.  From  band  calculations^^  A/ep’^-S-S  for  Fe  so  the  minimum 
reflectivity  from  the  step  potential  at  the  boundary  is  Rs(min)  -0.3-0.4.  In  order  to  calculate 
the  mean  Rs  more  accurately  a  complex  average  over  the  incident  angles  and  energies  for  the 
actual  domain  structure  must  be  made.  However  it  can  be  seen  that  the  from  Eq.  S.  that  Xmk/D 
is  quite  insensitive  to  the  value  of  Rs.  This  is  shown  in  Fig.  4  where  we  show  the  dependence 
of  Xmb/D  of  the  value  of  Rs  for  the  values  of  R<i  .corresponding  to  Fe,  Co  and  Ni.  Since  Xmb 


Fig.  4.  Variation  of  Xmb/D  with  Rs  for  values  of  R<)  =  0.62.  0.47  and  0.38  for  Fe,  Co  and  Ni 
respectively. 


is  not  strongly  dependent  on  Rj  we  assume  Rs-  0.5  which  gives  Rm~  0.81  and  Xmb  ~1-5D  for 
Fe.  Using  the  Fe  kp  values  given  above  we  obtain  for  the  two  extreme  cases  of  Eqs.  3  and  4 

Pmb=  I-OAmb  (mixed)  and  Pmb=  0.4Amb  (no  mixing). 


Where  Pmb  is  in  pfl-cm  and  Xmb  is  in  pm.  Taking  Pmb  to  be  the  average  of  the  two  exueme 
cases  we  have  Pmb  -  1  Amb-  'Die  maximum  magnetoresistance  is  thus  given  by 
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Defining  MR'  to  be  Ap/p^^  we  have  Ap  =  AAmb  To  the  extent  that  D  and  p(0)  are  temp¬ 
erature  independent,  Ap  is  independent  of  temperature.  However,  D  may  vary  somewhat  with 
temperature  since  at  lower  temperatures  there  may  be  more  nucleation  centers  which  give  rise  to 
smaller  domains. 

Since  at  M=0  for  polycrystalline  Fe  the  domains  are  aligned  randomly  we  take  A=l/2. 
We  thus  get  an  estimate  of  the  average  domain  size  from  the  expression 


Ap  (pa-cm)=  l/{3D(pm)). 


0) 


We  now  evaluate  and  compare  the  quantities  derived  above  with  data  given  in  the 
literature  a.'.d  summarized  in  Table  I.  Since  Ap  is  determined  experimentally  the  only 


Table  I.  Calculated  Ap  and  the  average  domain  size,  D,  from  D=l/(3Ap)  for  several  Fe  sam¬ 
ples  from  the  p^in  and  MR'  values  given  in  the  literature.  W  indicates  that  the  sample  was  an 
Fe  whisker. 


Size 

Lxw 

(mm) 

Pmin 

(4.2«) 

(lO'^pfll-ctn) 

MR' 

(4.2«) 

Ap 

(4.2“) 

(i(r^tin-cm) 

D(pm) 

MR'(RT) 
meas  calc 

(%) 

Ref. 

n.a. 

1.76 

15 

2.6 

19 

1 

-5x0.2'*' 

4.85 

9 

4.4 

11 

1 

25x3.1 

5.0 

7.2 

3.6 

14 

6 

-20x0.4*^ 

11 

0.88 

1.0 

50 

5 

-40x4 

15 

1.5 

2.3 

22 

4 

25x3.1 

19 

1.3 

2.5 

20 

6 

-6x0.24'*' 

22.0 

1.2 

2.6 

19 

^.1  0.27 

2 

-6x0.3"' 

20.0 

0.8 

1.6 

31 

S0.14  0.17 

2 

-23x1 

-27 

0.43 

-1.2 

-42 

2 

25x3.1® 

229 

0.16 

3.7 

14 

6 

25x3. 1^* 

429 

0.07 

3.0 

17 

6 

25x3. 1C 

910 

0.033 

3.0 

17 

6 

25x3.1'' 

850 

0.07 

6.0 

8 

6 

25x3.1® 

1600 

0.038 

5.7 

9 

6 

25x3.1' 

1950 

0.02 

3.9 

13 

6 

a.  0.25  wt%  Co  c.  0.92  wt%  Co  e.  0.54  wt%  Cr 

b.  0.50  wt%  Co  d.  0.25  wt%  Cr  f.  0.70  wt%  Cr 


undetermined  quantity  in  our  formulation  is  the  average  domain  size  in  the  samples.  The 
domain  size  for  Fe  samples  described  in  the  literature  has  been  roughly  estimated^  -*  in  the 
literature  to  be  E)~10nm  (the  domain  wall  thickness  in  Fe  is  -  O.OSum).  As  a  check  on  the 
model  we  derive  the  domain  sizes  to  compare  to  the  estimated  size.  The  lengths  and  average 
rectangular  widths  of  a  number  of  Fe  samples  are  listed  in  the  first  column  of  Table  I.  The 
measured  values  of  and  MR"  at  4.2K  are  given  in  the  second  and  third  columns.  The 
values  for  Ap  =  MR'p^^  are  listed  in  column  four.  Using  these  values  the  D  values  obuined 
from  Eq.  7  are  listed  in  column  five  of  Table  I.  We  see  that  most  of  the  samples  have  average 
D  values  between  10-20  pim..  Considering  that  the  samples  differ  widely  in  shape  and  purity, 
the  D  values  obtained  are  satisfactorily  close  to  the  estimated  domain  size.  Since  the  Ap 
values,  (1-6)x10'7  ^O-cm,  are  similar  for  all  the  samples,  we  see  that  the  MR'  values  at  4.2K 
for  these  samples  are  mainly  determined  by  the  purity  of  the  sample,  with  the  purest  samples 
having  the  largest  MR'  values. 

In  two  cases  the  MR'  values  were  also  measured  at  room  temperature  so  we  have  calcu¬ 
lated  these  values  assuming  that  Ap  is  the  same  at  RT  as  at  4.2K  and  using  a  room  temperature 
resistivity  value,  p^^  =  9.7  pO-cm.  We  see  that  the  estimated  values  for  MR'  at  room 
temperature  are  in  good  agreement  with  the  measured  values. 

From  Table  I  we  see  that  the  alloy  samples  tend  to  have  smaller  domain  sizes.  This 
trend  is  expected  since  the  solute  atoms  act  as  nucleation  centers  for  domains  and  thus  the  do¬ 
main  sizes  in  the  alloys  should  be  smaller  than  in  pure  Fe.  Surprisingly  this  is  a  small  effect 
here  which  may  be  due  to  segregation  of  the  solute  atoms  at  grain  boundaries.  However,  it  is 
seen  that  the  solute  atoms  strongly  increase  the  p^^  values  which  causes  the  MR'  values  to  de¬ 
crease  rapidly  with  the  increasing  solute  concentration.  Thus  the  two  mechanisms  causing 
magnetic  boundary  scattering  of  the  highly  polarized  dj  electrons  account  very  well  for  the  wide 
variety  of  behavior  seen  for  the  magnetoresistance  of  pure  Fe. 

For  device  application  it  is  of  great  interest  to  maximize  the  MR  effect  at  room 
temperature.  We  now  see  that  the  way  to  do  this  is  by  decreasing  the  domain  size,  or  distance 
between  magnetic  boundaries.  If  it  were  possible  to  decrease  the  effective  domain  size  to  a 
distance  of  10  nm  for  pure  Fe  we  would  have  Ap  -33  pn-cm  or  an  achievable  MR'  value  of 
the  order  of  -3  at  room  temperature.  We  will  see  that  the  layered  and  especially  the  granular 
structures  are  favorable  structures  in  which  this  occurs. 


MR  of  LAYERED  OR  GRANULAR  NANO-STRUCTURES 


We  make  the  reasonable  assumption  that  the  mechanism  of  the  MR  effect  is  the  same  in 
these  structures  as  in  pure  Fe,  namely  the  existence  of  magnetic  boundaries  between  unaligned 
magnetic  regions  in  the  structures.  However  here  the  magnetic  regions  are  also  be  separated  by 
non-magnetic  regions.  The  non-alignment  in  these  structures  can  be  caused  by  a  variety  of 
mechanisms  besides  domain  boundaries,  such  as:  exchange  coupling  between  neighboring 
magnetic  layers  which  are  separated  by  non-magnetic  layers,  different  coercive  fields  in  nearby 
regions  which  give  rise  to  complex  hysteresis  loops  of  the  sample,  and  random  orientation  of 
non-interacting  magnetic  globules  as  in  granular  structures.  In  real  films,  especially  the  multi¬ 
layer  structures,  the  MR  effect  is  often  a  combination  of  these  mechanisms  and  thus  they  are 
very  difficult  to  analyze.  Moreover,  upon  viewing  many  of  these  structures  with  high 
resolution  cross-section  transmission  electron  microscopy  it  has  been  found  that  the  multilayer 
films  are  often  of  very  poor  structural  quality.  They  frequently  appear  to  be  more  a  granular 
rather  than  a  layered  stnicture;  especially  after  the  first  few  layers. 

The  CoxAgi-x  granular  structures  are  an  ideal  prototypical  system  for  the  model 
presented  here.  The  Co  and  Ag  are  immiscible  since  the  surface  free  energy  of  Co  is  about 
twice  that  of  Ag^  and  the  Co  and  Ag  are  poorly  lattice  matched.  Thus  the  Co  atoms  aie  found 
to  form  single  domain  particles  which  are  embedded  in  a  Ag  matrix.  Recent  experiments, 
which  are  reported  elsewhere  in  this  conference,  have  shown  that  for  this  system  gU  the  Co 
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atoms  have  essentially  the  full  moment  of  1.7  Bohr  magnetons  and  reside  in  pure  Co  single 
domain  globules  At  Co  concentrations  lower  than  -37  at%  the  Co  particles  are  magnetically 
isolated  and  the  films  are  superparamagnetic.  The  average  sire  of  the  single  domain  globules  is 
determined  independently  from  the  superparamagnetic  behavior  and  found  to  have  radii  of  -23- 
26A.  The  globules  are  embedded  in  volumes  of  -60A  on  a  side.  The  same  model  as  used  to 
describe  the  pure  ferromagnetic  magnetoresistance,  modified  only  to  take  into  account  the 
additional  scattering  due  to  a  potential  step  at  the  Co-Ag  interfaces  and  in  the  non-magnetic 
regions,  fits  the  data  excellently.  Due  to  the  smalt  distance  between  magnetic  boundaries, 
-boA,  the  MR'  values  are  large;  e.g..  31%  at  RT  and  65%  at  NT  for  a  film  with  37  ai.%  Co. 
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Spin  Polariiad  Elaetron  8p«ctroacopl«a  of  3d  and  4f  Syatana 
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Department  of  Physics  and  Institute  for  Surface  and  Interface 
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Abstract 

Recent  results  from  spin  polarized  electron  spectroscopic 
studies  of  surfaces  and  ultrathin  films  are  presented.  The  mag¬ 
netic  coupling  of  3d  transition  metals  (Cr,Hn)  to  the  Fe(lOO) 
surface  is  studied  by  spin  polarized  electron  energy  loss 
spectroscopy.  The  first  atomic  layer  of  Cr  and  Mn  aligns  an¬ 
tiparallel  to  the  Fa.  For  larger  thicknesses  we  find  evidence 
for  layer-by-layer  antiferromagnetic  order.  In  the  range  of  1-6 
atomic  layers  the  behavior  is  more  complex  with  the  surface  of 
the  Cr  films  showing  preferential  ferromagnetic  alignment  while 
the  Mn  surface  aligns  antiparallel  to  the  Fe  substrate. 
Secondary  electrons  from  Gd(OOOi)  surfaces  are  shown  to  be 
highly  spin  polarized.  However,  no  enhancement  mechanisB  at  low 
kinetic  energy  as  in  the  3d  transition  metals  is  observed  in¬ 
dicating  the  absence  of  strongly  spin  dependent  inelastic  scat¬ 
tering  in  Gd.  Temperature  dependent  spin  polarized  4f  photoemis¬ 
sion  results  show  almost  complete  polarization  demonstrating 
ferromagnetic  surface  coupling.  However,  a  perpendicular  surface 
magnetization  component  is  found  indicating  surface  spin 
canting.  A  large  enhancement  of  the  surface  Curie  temperature  is 
also  present. 

I .  Itttroduetlea 

Spin  polarized  electron  spectroscopies  have  played  a  major  role 
in  the  studies  of  magnetism  of  surfaces  and  ultrathin  films[l]. 
One  of  the  main  advantages  of  electron  spectroscopies  is  their 
intrinsic  surface  sensitivity  due  to  the  short  mean  free  path  of 
low-energy  electrons  in  solids. 

This  paper  reviews  recent  results  using  three  different  spin 
polarized  electron  techniques.  Spin  polarized  electron  energy 
loss  spectroscopy  (SPEELS)  was  used  to  study  the  magnetic  struc¬ 
ture  of  ultrathin  epitaxial  3d  transition  metal  layers  (Cr  and 
Mn)  on  Fe(lOO)  substrates.  The  intriguing  magnetic  properties  of 
the  Gd(OOOl)  surface  were  studied  by  spin  polarized  secondary 
electron  emission  spectroscopy  (SPSEES)  and  spin  polarized 
photoemission  spectroscopy  (SPPES)  on  thick  epitaxial  Gd  films 
on  W(ilO) . 

ZX.  The  magaetie  order  of  3d  trmasitloa  motel  over layers  on 
ro(ioo)  studied  by  SPBILS 

In  spin  polarized  electron  energy  loss  spectroscopy  (SPEELS)  a 
polarized  electron  beam  is  scattered  off  a  surface  and  the  in¬ 
tensity  and  polarization  of  the  scattered  electrons  are  measured 
as  a  function  of  energy  loss.  In  the  case  of  a  ferromagnetic 
surface  the  scattering  intensity  depends  on  the  alignment  be¬ 
tween  the  surface  majority-spin  direction  and  the  incident  bean 
polarization.  One  defines  a  scattering  asymmetry  A  as  the  nor¬ 
malized  difference  between  scattering  intensities  for  bean 
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polarization  parallel  and  antiparallel  to  the  sample  majority 
spin  direction:  A= ( I/Pq) ( if “Ii ) / ( If+I J 

SPEELS  experiments  on  elemental  3d  ferromagnetic  surfaces 
(Ni.Fe.Co)  have  shown  large  negative  asymmetries  in  the  range  of 
small  energy  losses[2-4).  This  means  that  spin-down  electrons 
undergo  inelastic  scattering  with  a  higher  probability  than 
spin-up  electrons.  Although  the  absolute  values  of  the  scatter¬ 
ing  asymmetries  cannot  be  directly  interpreted  e.g.  in  terms  of 
surface  magnetization  (for  instance  Ni  shows  a  larger  scattering 
asymmetry  than  Fe)  the  existence  of  non-zero  scattering  asym¬ 
metries  reveals  the  presence  of  a  net  surface  magnetic  moment. 
The  scattering  asymmetries  in  SPEELS  have  been  shown  to  be 
caused  mainly  by  spin-flip  scattering  of  incoming  spin-down 
electrons  (spin-down  flip  processes) .  Spin  polarization  analysis 
of  the  scattered  electrons  allows  one  to  directly  determine  the 
individual  spin  resolved  scattering  rates,  in  terms  of  flip  and 
non- flip  processes. 

For  the  study  of  magnetic  properties  the  flip-down  scattering 
processes  (i.e.  incoming  spin-down,  scattered  spin-up  electron) 
are  the  most  interesting  ones.  The  mechanism  (proceeding  via  ex¬ 
change  scattering)  is  indicated  in  a  schematic  exchange-split 
density  of  states  in  Fig.  1.  The  incoming  spin-  down  electron 
falls  into  an  empty  minority-spin  state  above  ^  and  a  spin-up 
electron  from  an  occupied  level  is  emitted,  ^periments  have 
shown  rather  broad  spin-flip  energy  loss  spectra  on  the  fer¬ 
romagnetic  metals  with  the  maximum  of  the  flip-down  energy  loss 
spectrum  corresponding  to  the  average  exchange  splitting.  Thus 
one  can  approximately  correlate  the  maximum  of  the  flip-down  in¬ 
tensity  spectrum  with  the  surface  exchange  splitting  and  thereby 
get  an  indirect  estimate  of  the  the  surface  magnetic  moments. 

In  our  experiments  the  polarized 
electron  beam  is  derived  from  a 
CaAs  source  which  provides  spin 
polarizations  in  the  range  of 
Pqo25%.  a  transversely  polarized 
beam  is  created  by  deflecting  the 
emitted  electrons  electrostatically 
by  90*^.  The  spin  polarization  can 
be  easily  switched  between  up  and 
down  by  changing  the  helicity  cf 
the  exciting  light  from  a  AlGaAs 
laser  diode  between  left  and  right 
circular  polarization  by  a  Pockels 
cell.  The  kinetic  energy  of  the 
electron  beam  for  the  SPEELS  ex¬ 
periment  is  usually  set  at  around 
30  eV.  At  these  low  energies  ex¬ 
change  effects  are  large  leading  to 
large  spin-flip  scattering 
intensities.  The  scattered 
electrons  are  energy  analyzed  in  a 
180°  hemispherical  analyzer  and 
their  polarization  is  then  measured 
Fig.  1  in  a  100  kV  Mott  detector.  The  to- 

Schematic  of  the  flip  tal  energy  resolution  is  about  300 

process  for  a  spin-do%m  meV.  The  total  scattering  angle  in 

electron  the  experiment  is  fixed  at  90°. 
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SPEELS  data  are  taken  in  off- 
specular  geometry  (20°)  in 
order  to  suppress  the  spin 
independent  dipole  scattering 
events  which  dominate  the 
loss  spectrum  in  specular 
direction[5] . 

The  magnetic  coupling  of  cr 
to  Fe  has  been  of  particular 
interest  as  a  model  system 
due  to  the  magnetoresistance 
effects  encountered  in 
Fe/Cr/Fe  sandwiches  and 
superlattices.  Two-monolayer 
period  oscillations  were 
found  in  the  magnetic  cou¬ 
pling  in  we  1 1 - p r ep a r e d 
epitaxial  Fe/Cr/Fe  sandwich 
0123  structures [ 6 , 7 i .  This  be- 

Enerov  Los*  (oV)  havior  suggests  that  the  Cr 

films  exhibit  ferromagnetic 

Fig.  2  (100)  sheets  with  subsequent 

Asymmetry  spectra  for  various  layers  aligned  antiferromag- 

Cr  layer  thicknesses  on  Fe(lOO)  netically  (as  in  the  bulk 

magnetic  structure  of  Cr) 
with  the  moments  pinned  at  the  Fe  interface.  He  therefore 
decided  to  study  the  surface  of  free  Cr  films  deposited  on 
Fe(lOO).  The  coupling  of  cr  monolayers  on  Fe(lOO)  had  been 
studied  before  by  spin  polarized  core  level  photoemission 
spectroscopy  and  was  shown  to  Ise  antiferromagnetically  aligned 
to  the  Fe  momenta[8].  In  our  experiments  we  followed  the  evolu¬ 
tion  of  the  spin  dependence  in  the  SPEELS  measurements  as  the 
thickness  of  the  Cr  layers  was  slowly  increased  in  sub-monolayer 
increments.  The  Cr  films  were  evaporated  onto  an  Fe(lOO)  surface 

which  was  itself  an 
epitaxial  film  grown 
on  a  bulk  Cr(ioo) 
crystal.  The  thick  Fe 
film  (30-50  layers) 
could  be  magnetized 
remanently  in-plane 
by  a  current  pulse 
through  a  magnetizing 
coil  below  the 
sample.  The  films 
were  evaporated  at 
2  00**  and  the  SPEELS 
measurements  were 
taken  at  lower  tem¬ 
peratures  (around 
-50^  C)  .  Sample 
quality  was  checked 
by  LEEO  and  Auger 
spectroscopy.  For 
Pig.  3  more  details  on  the 

Thickness  dependence  of  the  asym-  preparation  process 

metry  at  1.9  eV  energy  loss  see  Ref.  9) .  Fig.  2 
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shows  a  few  representative  asymmetry  spectra  starting  with  the 
bare  Fe(lOO)  surface.  The  large  negative  asymmetry  values  on  the 
bare  Fe  prove  that  the  Fe  films  are  magnetized  to  saturation. 
With  the  addition  of  a  monolayer  Cr  the  asymmetries  change  sign 
and  the  spectral  distribution  changes  dramatically  (see  below) 
with  the  asymmetry  maximum  shifting  to  smaller  energy  losses 
around  1.9  eV.  The  change  in  sign  directly  demonstrates  the  an- 
tiferromagnetic  alignment  of  the  Cr  monolayer  in  agreement  with 
the  polarized  photoemission  results.  We  followed  the  evolution 
of  the  scattering  asymmetries  as  a  function  of  Cr  thiclcness  by 
tuning  the  spectrometer  to  1.9  eV  energy  loss  and  adding  Cr  in 
submonolayer  quantities.  The  asymmetries  are  shown  in  Fig.  3. 
One  clearly  secs  a  two-monolayer  period  oscillation  in  the  data 
demonstrating  the  layer-by-layer  antiferromagnetic  structure  of 
the  Cr  films.  However,  in  the  thickness  range  of  1-6  layers  the 

behavior  is  more  complex.  This  might 
be  due  to  changes  in  the  electronic 
structure  for  these  very  thin  films 
which  are  not  yet  described  by  the 
bulk  electronic  structure.  One  has 
to  stress  also  that  the  SPEELS  ex¬ 
periment  is  sensitive  to  the  surface 
magnetization  only. 

The  asymmetry  maximum  around  1.9  eV 
energy  loss  is  caused  mainly  by 
spin-flip  excitations  as  shown  in 
Fig.  4  where  we  show  a  few  repre¬ 
sentative  spin  resolved  energy  loss 
spectra.  The  flip  channel  shows  an 
intensity  maximum  around  1.9  eV 
energy  loss.  In  accordance  with  the 
general  picture  we  interpret  this  as 
the  average  exchange  splitting  at 
the  surface  of  the  Cr  film.  From 
(unpolarized)  photoemission  spectra 
on  bulk  Cr(lOO)  surfaces  a  surface 
moment  of  2.4  /Ua  was  deduced [10]  in 
agreement  with  theoretical  predict¬ 
ions  of  a  greatly  enhanced  surface 
moment  of  2.5-3  /Ua  as  compared  to 
the  maximum  of  0.59  /Ug  in  the  bulk. 
The  calculations  show  an  average 
surface  exchange  splitting  on  the 
order  of  3  eV[ii].  Thus,  while  our 
data  qualitatively  support  an  en¬ 
hanced  surface  moment  the  magnitude 
of  our  measured  exchange  splitting 
points  to  a  value  somewhat  lower 
than  the  calculations. 

As  a  first  step  toward  a  systematic 
0123  study  of  the  coupling  of  other  3d 

Energy  Loss  (eV)  metals  to  Fe  we  investigated  the 

magnetic  structure  of  Mn  films  on 
Fe(lOO)  in  a  similar  manner.  Bulk 
Fig.  4  manganese  has  a  complicated  magnetic 

Spin  resolved  energy  loss  structure.  Fe/Mn/Fe  sandwiches  have 
spectra  for  Cr  on  Fe(lOO)  recently  been  studied  by  Purcell  et 
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sea 


Asymmetry  (a)  and  spin  re¬ 
solved  SPEELS  spectra  (b) 
for  three  atomic  layers  of 
Mn  on  Fe(lOO) 


OI234»(7«>lO 
Mn  Thicknast  (ML) 

Fig.  6 

Thickness  dependence  of  the 
scattering  asymmetry  for  Mn 
on  Fe(lOO)  at  -100°  C 


al.[12]  who  found  antiferromag¬ 
netic  Fe-Fe  coupling  for  Mn  in¬ 
terlayers  thicker  than  6-8 
layers.  The  coupling  strength 
was  reported  to  show  two- layer 
oscillation  period,  however.  We 
grew  Mn  films  on  Fe(lOO)  at 
about  100®  C.  The  Mn  grows  in  a 
tetragonally  distorted  bcc 
structure  (bet) .  For  details  of 
the  sample  preparation  and 
characterization  see  Ref.  13. 
The  SPEELS  spectra  taken  at 
-100  ®  C  are  shown  in  Fig.  5 
for  a  three  monolayer  film.  We 
see  a  strong  spin-flip  struc¬ 
ture  around  2.9  eV  energy  loss. 
For  this  thickness  the  asym¬ 
metry  is  opposite  to  the  bare 
Fe  asymmetry,  showing  the  an- 
tif erromagnet ic  alignment  of 
the  Mn  surface  moments.  The 
average  exchange  splitting  of 
2.9  eV  compares  well  with 
theoretical  electronic  struc¬ 
ture  calculations  which  yield 
magnetic  moments  of  2.5-3  /UB 
and  exchange  splittings  of  2.5- 
3  eV  for  Mn  structures  similar 
to  the  ones  encountered  in  the 
present  films  (for  more  details 
see  Refs.  13  and  14. 

The  thickness  dependence  of  the 
asymmetry  at  2.9  eV  energy 
loss  is  shown  in  Fig.  6 
over  the  range  0-10  layers.  As 
in  the  case  of  Cr,  the  Mn 
monolayer  couples  antlferio- 
magnetically.  Two-layer  oscil¬ 
lations  are  clearly  visible 
suggesting  a  layered  antifer- 
romagnetic  structure. 
Interestingly,  the  very  thin 
layers  again  behave  dif¬ 
ferently.  In  the  case  of  Mn  the 
surface  moments  are  aligned 
preferentially  antiparallel  to 
the  Fe  substrate  in  the  range 
up  to  5  layers  while  the  Cr 
surface  showed  parallel 
alignment. 

We  want  to  stress  here  that  the 
presence  of  non-zero  asym¬ 
metries  proves  the  existence  of 
a  macroscopic  net  magnetic 
moment  over  the  diameter  of  the 
electron  beam  which  is  a  few  mm 
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wide.  Another  interestinq  point  is  the  sensitivity  to  the  over¬ 
layer  thickness  in  the  SPEELS  experiment  compared  to  other 
electron  spectroscopic  techniques.  Obviously  a  high  surface  sen¬ 
sitivity  is  required  in  order  not  to  average  out  the  signal  over 
perpendicular  layers.  Unguris  et  al.  [15]  were  able  to  detect 
the  surface  magnetic  moments  in  wedge  shaped  Cr  films  on  Fe(ioo) 
whiskers  using  scanning  electron  microscopy  with  polarization 
analysis  (SEMPA) .  The  accepted  probing  depth  (exponential  decay 
function)  in  secondary  electron  emission  spectroscopy  on  3d 
transition  metals  is  about  3  atomic  layers.  This  is  consistent 
with  th-ir  reported  decay  of  the  spin  polarization  as  cr  is 
deposited  on  the  Fe  substrate.  From  the  decay  of  the  SPEELS 
asymmetry  in  Fig.  4  an  exponential  probing  depth  of  only  about 
one  layer  is  apparent.  We  attribute  this  extremely  short  probing 
depth  to  the  fact  tl.at  in  SPEELS  the  scattered  electrons  have  to 
penetrate  into  and  exit  from  the  sample  while  for  secondary 
electrons  the  probing  depth  is  determined  by  the  attenuation 
length  of  the  outgoing  electrons  only.  In  addition,  in  SPEELS 
the  electrons  enter  and  exit  at  an  angle  (about  45°)  to  the  sur¬ 
face  normal  whereas  secondary  electrons  are  usually  collected 
for  normal  emission.  Thus,  these  two  factors  explain  the  dif¬ 
ference  in  the  effective  probing  depth  of  SPEELS  and  SEMPA. 
Photoemission  is  expected  to  have  a  surface  sensitivity  similar 
to  SEMPA.  The  failure  to  observe  the  layered  antiferromagnetic 
ordering  in  polarized  core  level  spectroscopy  [8]  might  have 
been  due  to  insufficient  surface  sensitivity.  A  probing  depth  of 
one  layer  in  SPEELS  has  also  been  reported  by  Zhang  et  al.  in 
experiments  on  Mo/Cu(100) [16] . 

ZXZ.  apim  polarised  ssoomdary  eleetroa  emlssi'*'  spectrum  from 
Od(OOOl) 

Low  energy  secondary  electrons  are  emitted  from  a  ..lid  surface 
upon  the  bombardment  by  energetic  electrons.  The  spin  polariza¬ 
tion  of  the  low-energy  secondary  electrons  has  been  used  to 
study  the  magnetism  of  surfaces  and  thin  films  of  3d  transition 
metals.  As  in  SPEELS,  a  direct  interpretation  of  the  magnitude 
of  the  measured  polarization  in  terms  of  the  surface  magnetiza¬ 
tion  is  difficult  for  two  reasons.  First,  the  polarization  is  an 
average  over  the  probing  depth  (three  atomic  layers  in  the  3d 
transition  metals) .  Second,  the  low-energy  electron  spin 
polarization  is  in  general  not  equal  to  the  net  magnetization. 
Instead,  it  is  well  established  that  the  polarization  from  fer¬ 
romagnetic  3d  transition  metal  surfaces  is  enhanced  over  the  3d 
band  polarization  by  a  significant  amount  (2-3  times)  at  very 
low  secondary  electron  energies  (<10  eV)  .  Only  at  higher 
energies  (10-20  eV)  does  the  polarization  gradually  approach  the 
net  magnetization  value.  The  polarization  enhancement  is  at¬ 
tributed  to  spin  dependent  inelastic  scattering  due  to  Stoner 
excitations  (spin  flip  scattering) .  While  this  model  gives  a 
qualitative  account  of  the  observed  spin  polarization  in  all  the 
3d  metals  the  situation  is  less  clear  for  other  systems,  e.g. 
the  rare  earth.  Paul  et  al.  [17]  showed  that  secondary  electrons 
from  Gd  are  indeed  spin  polarized. 

We  have  studied  the  spin  polarization  spectrum  from  the  Gd(OOOi) 
surface.  The  first  question  of  interest  was  how  much  do  the  4f 
levels,  which  carry  the  bulk  of  the  magnetic  moment,  but  are 
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well  below  (8  eV)  the  Fermi  level,  actually  contribute  to  the 
secondary  electron  emission.  The  second  question  concerns  the 
presence  and  magnitude  of  possible  polarization  enhancement 
mechanisms.  Due  to  the  very  different  electronic  structure  of 
the  rare  earths  compared  to  the  3d  metals  one  might  expect  very 
different  scattering  mechanisms  to  be  at  work  in  these 
materials. 

Our  studies  were  carried  out  on  thick  (400  %)  epitaxial  Gd(OOOl) 
films  grown  on  W(iiO).  The  studies  were  performed  in  a  UHV  sys¬ 
tem  previously  used  in  the  studies  of  the  magnetic  reorientation 
transition  in  ultrathin  Fe  films  on  Cu(lOO)  and  Ag(l00)(i8].  The 
secondary  electrons  were  excited  by  an  unpolarized  1  keV  primary 
electron  bean  impinging  on  the  surface  at  an  angle  of  about  45*^. 
Secondary  electrons  are  extracted  in  normal  emission  geometry  by 
applying  a  negative  bias  voltage  to  the  sample.  After  energy 
analysis  in  a  90°  spherical  electrostatic  energy  analyzer  spin 
polarizations  are  measured  in  a  medium-energy  (25-30  kV) 
retarding-f ield  Mott  detector.  The  Gd  films  were  grotm  in  UHV  on 
a  W(llO)  substrate  by  evaporation  from  a  W  crucible.  The  films 
were  remanently  magnetized  in-plane  by  a  magnetic  field  pulse. 
The  growth  mode  of  Gd  on  W  is  critically  dependent  on  the  growth 
conditions.  At  elevated  temperature  the  films  grow  in  a  three 
dimensional  Stranski-Krastanov  mode.  While  these  films  show 
sharp  LEED  patterns  it  is  believed  that  they  exhibit  a  sig¬ 
nificant  amount  of  surface  roughness.  The  other  growth  method 
which  is  believed  to  yield  smoother  surfaces  is  to  deposit  the 
film  at  room  temperature  and  then  anneal  to  630  X  for  a  few 
minutes.  It  was  found  that  the  room  temperature  grown  films  show 
higher  spin  polarizations  than  the  high  temperature  films[191. 

Therefore,  we  are  concerned 
only  with  the  "better"  low  tem¬ 
perature  grown  films  for  the 
moment.  The  hysteretic 
properties  of  the  films  was 
studied  by  in-situ  magneto¬ 
optical  Kerr  loops  to  ensure 
full  remanence[20] . 

Fig.  7  shows  a  spectrum  of  the 
secondary  electron  intensity 
and  the  spin  polarization  as  a 
function  of  kinetic  energy  at  a 
sample  temperature  of  150  K. 
The  intensity  shows  the  typical 
distribution  with  the  strong 
maximum  at  low  energies.  The 
spin  polarization  is  almost 
constant  at  a  value  of  30-32% 
in  the  energy  range  1.5-7  eV. 
At  lower  energies,  however,  the 
polarization  drops 
significantly.  This  polarlza- 
(sv)  tion  behavior  is  drastically 

different  from  that  of  the  3d 
Fig.  7  transition  metals.  First,  the 

Intensity  and  polarization  constancy  of  the  polarization 

spectrum  of  secondary  suggests  that  no  significant 

electrors  from  Gd(OOOl)  enhancement  mechanism  due  to 


I 
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Spin  dependent  Inelastic  scattering 
is  at  work.  In  the  absence  of 
polarization  enhancement  the 
polarization  should  then  reflect  the 
surface  magnetization.  The  magnetic 
moment  of  Gd  at  zero  temperature  is 
7.6  /iB  of  which  7  ytiB  is  carried  by 
the  4f  shell  and  0.6  yuB  is  due  to 
conduction  band  polarization.  A 
schematic  of  the  electronic  structure 
of  6d  is  shown  in  Fig.  8.  The  conduc¬ 
tion  band  polarization  is  20%.  The 
expected  secondary  electron  polariza¬ 
tion  then  depends  on  the  relative 
contributions  from  the  4f  states  and 
the  conduction  bands.  The  observed 
value  of  32%  at  150  K  extrapolates 
into  about  45%  at  zero  temperature 
[21].  This  implies  that  there  is  a 
significant  contribution  to  the 
secondary  yield  from  the  4f  levels. 
The  drop  of  the  spin  polarization 
below  1.5  eV  kinetic  energy  is 
attributed  to  the  presence  of  the 
empty  4f°  state  of  minority  spin 
character  which  la  located  just  above  the  vacuum  level.  The 
proposed  mechanism  ^  indicated  in  Fig.  8.  Excited  electrons 
scatter  into  the  4f^  states  from  which  they  are  emitted  into 
vacuum.  This  scattering  channel  is  available  only  for  minority 
spin  electrons  and  therefore  leads  to  the  observed  reduced 
polarizations  just  above  Evu^* 

XV.  Nagaetlo  reeoastruetiea  of  the  ad(OOOl)  surface 


Fig.  8 

Schematic  of  the  elec¬ 
tronic  structure  of  Gd 


The  discussion  of  the  spin  polarization  from  Gd  in  the  previous 
section  assumed  that  the  magnetic  moments  at  the  Gd(OOOl)  sur¬ 
face  are  all  ferromagnetlcally  aligned.  However,  the  magnetic 
structuie  df  the  Gd(OOOl)  surface  has  been  of  interest  for  a 
long  time  since  the  observation  of  an  enhanced  surface  ordering 
temperature [23]  and  the  proposal  of  an  antiferromagnetically 
aligned  surface  layer[23].  An  antiferromagnetic  surface  layer 
was  also  favored  in  recent  ab-:nitio  electronic  structure 
calculations[34] .  The  existence  of  a  surface  st^te  was  also  pre¬ 
dicted  by  the  calculations,  in  agreement  with  (spin  integrated) 
photoemission  spectra[25].  However,  recent  spin  polarized 
photoemission  spectroscopy  on  Gd(OCOl)  found  the  surface  state 
to  be  of  majority-spin  charactar[26,27],  as  opposed  to  the  pre¬ 
dicted  minority-spin  character.  Spin  polarized  photoemission 
spectroscopy  from  the  4f  levels  found  spin  polarizations  of 
about  50%  at  lOOK  [26]  which  was  intsrpreted  as  evidence  for  a 
ferromagnetic  surface  structure.  The  reduced  polarization  from 
the  expected  complete  polarization  for  fully  aligned  4f  moments 
was  attributed  to  depolarization  of  the  photoelectrons  due  to 
spin  flip  scattering. 

We  have  performed  temperature  dependent  measurements  of  the  4f 
polarization  using  a  photon  energy  of  149  eV  at  an  undulator 
bean  line  at  the  Stanford  Synchrotron  Radiation  Laboratory.  At 


0  so  100  ISO  200  2S0  300  3S0 
Temperature  (K) 

Fig.  9 

Temperature  dependence  of 
the  4f  spin  polarization 


this  energy  the  photoemission 
■QQ  process  proceeds  mainly  through 

t-.L‘  '  onn'v  '  w*v.'  '  ®  4d-4f  resonance  which  yields 

w  „  i  growth  ^  gj,  order  of  magnitude  increase 

q  ^  ’  ^^.^M(0001)/W(110)  ■  in  the  4f  intensity,  thus  ena- 

.2  :  bling  us  to  perform  complete 

■fl  ”  ln-pi«n«^^  ■  temperature  sweeps  between  150  K 

•S  _  and  the  Curie  temperature  in  one 

a  j  ~  hour.  It  was  experimentally 

5  _  :  \  ?  verified  that  the  spin  polariza- 

^  ^  ■  I  .  I  ■  I  .  I  .  I  .  1*^^  tions  obtained  in  the  resonant 

0  SO  100  ISO  200  2S0  300  3S0  emission  process  are  identical 
Temperature  (K)  polarizations  obtained  in 

direct  (non-resonant) 

Fig.  9  photoemission.  Again,  here  we 

Temperature  dependence  of  only  report  data  on  Gd  films 

the  4f  spin  polarization  which  were  grown  at  room 

temperature  and  were  then 

annealed,  since  they  yield  higher  polarization  values.  The  tem¬ 
perature  dependence  of  the  4f  polarization  is  shown  in  Fig.  9. 
In  these  experiments  we  measured  the  in-plane  polarization  com¬ 
ponent  only.  The  bulk  Curie  temperature  Tj.g  (293  K)  is  clearly 
visible  in  the  data.  There  is  however  a  small  non-zero  spin 
polarization  component  that  persists  above  T^^g  and  vanishes  only 
at  much  higher  surface  Curie  temperature  T-g  of  about  350  K.  We 
found  that  the  surface  Curie  temperature  depends  critically  on 
the  surface  conditions.  Also  we  see  a  kink  in  the  data  at  187  K. 
We  interpret  this  as  being  connected  to  the  spin  reorientation 
transition  which  occurs  at  225  K  in  bulk  Gd.  In  order  to  get  an 
estimate  of  the  zero  temperature  polarization  we  extrapolated 
the  low  temperature  polarization  to  T=«0  using  a  law.  The 

polarization  reaches  values  of  about  90%  which  is  within  the  ac¬ 
curacy  of  the  polarization  measurements  (estimated  to  be  +/-5%) 

almost  complete 

_ _ _  polarization.  Thus,  this 

'  '  '  I  '  I  ■  i  clearly  proves  the 

_  _  predominant  ferromagnetic 

Q  ^n-pl«n«  surface  alignment. 

^  _  We  further  investigated 

g  surface  transition  by 

c  20  -  0(1(0001)  .  performing  temperature  de- 

■g  pendent  spin  polarized 

a.  \  j  secondary  electron 

\  f*  Ta  measurements.  The  secon- 

■  ,  Vi  I  '  dary  electron  energy  was 

6  perpeadicuUr  V  \  set  to  2  eV  for  these 

■g  experiments.  In  these  ex- 

g  periments  we  also  measured 

the  spin  polarization  com- 
I  ■  .  1  ■  1  ■  1  ■  I  I  ponent  perpendicular  to 

190  200  280  900  3S0  the  film  plane.  The 

Temperature  (K)  results  are  shown  in  Fig. 

10.  Again,  we  see  a 

Fig.  10  clearly  non-vanishing  spin 

Temperature  dependence  of  polarization  persisting 
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Temperature  (K) 

Fig.  10 

Temperature  dependence  of 
secondary  electron  polarization 


above  the  bulk  T^. 


574 


In  addition,  thara  is  a  significant  parpandicular  polarization 
conponant  which  is  constant  until  it  rather  abruptly  vanishes  at 
Tcs-  Thus,  even  though  the  surface  is  clearly  coupled  mainly 
ferromagnetically  as  seen  from  the  large  in-plane  4f  polariza¬ 
tions  we  propose  that  the  magnetic  state  of  Gd(OOOl)  is  a  canted 
spin  configuration.  We  attribute  the  spin  canting  to  an  intrin¬ 
sic  surface  anisotropy.  The  temperature  dependence  of  the  per¬ 
pendicular  component  is  characteristic  of  a  two-dimensional 
phase  transition.  Thus,  it  appears  that  the  surface  acts  as  al¬ 
most  decoupled  from  the  bullc.  It  is  interesting  to  note  that  the 
perpendicular  component  is  more  readily  detected  in  secondary 
electron  spectroscopy  than  in  the  photo-emission  data.  This 
points  to  a  very  small  electron  mean  free  path  in  Gd  at  low 
energies. 

V.  Cose lus ions 

We  have  shown  that  spin  polarized  electron  spectroscopies  can  be 
used  to  yield  information  on  the  magnetic  structure  and  the 
electronic  structure  of  surfaces  of  novel  magnetic  systems.  Spin 
polarized  electron  energy  loss  spectroscopy  was  shown  to  be  able 
to  detect  the  surface  aMgnetlzation  on  epitaxial  films  of  Cr  and 
Mn  on  Fe(lOO).  An  estimate  of  the  average  surface  exchange 
splitting  is  derived  from  the  spin-flip  energy  loss  spectrum. 
Spin  polarized  photoesission  from  the  4f  levels  from  Gd(OOOi) 
surfaces  shows  almost  complete  polarization.  A  perpendicular 
I  spin  polarization  component  of  secondary  electrons  from  ad(OOOl) 

suggests  a  canted  spin  state  at  this  surface. 
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PROBING  THE  SURFACE- VACUUM  INTERFACE  WITH  SPIN-SENSITIVE 
METASTABLE  ATOM  DEEXCITATION,  ELECTRON  CAPTURE 
AND  ELECTRON  EMISSION  SPECTROSCOPIES 


G.  K.  WALTERS  AND  C.  RAU 

Physics  Depaitment  and  Rice  Quantum  Institute,  Rice  University,  Houston,  TX  77251-1892 


ABSTRACT 

Spin-Polarized  Metastable  Atom  Deexcitation  (SPMDS)  and  Electron  Capture  (ECS) 
Spectroscopies  probe  the  exponential  tails  of  electronic  wavefunctions  extending  from  the 
surface  into  the  vacuum,  and  are  consequently  extremely  sensitive  to  the  surface-vacuum 
interface.  The  use  of  SPMDS  to  probe  the  near-surface  vacuum  magnetization  of  Ni(l  10)  and 
Fe(l  10)  and  the  dramatic  changes  that  result  upon  exposure  to  ambient  gases  is  discussed,  as  is 
the  use  of  ECS  and  Spin-Polarized  Electron  Emission  Spectroscopy  (SPEES)  to  determine  the 
ferromagnetic  and  critical  behavior  of  surfaces  and  ultra-thin  epitaxial  systems. 

INTRODUCTION 

Particle  (atoms,  ions)-surface  scattering  experiments  provide  a  powerful  means  to  study  the 
topmost  surface-layer  electronic  and  magnetic  properties  of  magnetic  materials.  This  can  be 
achieved  by  keeping  the  energy  component  Ex  of  the  incident  particles  normal  to  the  probed 
surface  below  10  -  20  eV,  thus  preventing  their  penetration  into  the  surface  and  assuring  top 
layer  specificity  in  their  interaction  with  target  surfaces.  Spin-polarized  meiastable  (atom) 
deexcitation  spectroscopy  (SPMDS),  electron  capture  spectroscopy  (ECS),  and  spin-polarized 
electron  emission  spectroscopy  (SPEES)  have  emerged  as  extremely  surface  specific  probes  of 
magnetic  properties  at  the  surface-vacuum  interface.'  The  physical  processes  underlying  each 
of  these  spectroscopies  arc  briefly  described  below  and  selected  experimental  results  are 
presented  to  illustrate  the  insights  into  surface  magnetic  behavior  that  they  provide. 


SPIN-POLARIZED  METASTABLE  DEEXCITATION  SPECTROSCOPY  (SPMDS) 

In  SPMDS  surface  electronic  and  magnetic  structure  and  the  near-surface  magnetic 
environment  are  probed  by  investigating  spin  dependences  in  the  interaction  of  thermal-energy 
(-0.03  eV)  electron-spin-pola'-ized  He(25S)  metastable  atoms  with  a  magnetized  surface.  The 
energy  distributions  and  polarization  of  electrons  ejected  from  the  surface  as  a  result  of 
metastable-atom  deexcitation  are  measured  as  is  (for  a  magnetized  surface)  any  spin  dependence 
in  the  total  ejected-electron  signal. 

The  apparatus  is  shown  schematically  in  Fig.  1  and  is  described  in  detail  elsewhere.^"^ 
Briefly,  a  fraction  of  the  atoms  contained  in  a  ground-state  helium  atom  beam  are  collisionally 
excited  to  the  2'’3S  levels  by  a  coaxial  electron  beam.  The  2'S  atoms  are  removed  from  the 
beam  by  illuminating  it  with  2.06-pm  radiation  from  a  helium  discharge  which  excites  2'S  — > 
2*P  -*  I'S  transitions.  A  weak  (-0.5  G)  magnetic  field  is  applied  perpendicular  to  the  beam  to 
preserve  a  well-defined  quantization  axis.  Circularly  polarized  1.08-pm  2^5  ->  2^P  resonance 
radiation  from  a  high-power  rf-excited  helium  lamp  is  incident  along  the  magnetic  field 
direction  and  is  used  to  optically  pump  the  2^S  atoms  to  increase  the  relative  populations  in  the 
Mj(Ms)  =  +1  or  -1  magnetic  sublevels.  The  resultant  beam  polarization  is  defined  as 


Phc  = 


F^-tFo-tF. 


(I) 
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Fig.  1 .  Schematic  diagram  of  the  SPMDS  apparatus. 

where  F+,  Fq,  and  F_  are  the  fluxes  of  He(23S)  atoms  with  Ms  =  +1, 0  and  -1,  respectively.  The 
beam  polarization,  Phc  -0.4,  is  measured  by  a  Stem-Gerlach  analyzerA  and  can  be  simply 
reversed  (Phc  -Fhc)  by  changing  the  sense  of  circular  polarization  of  the  optical  pumping 
radiation. 

The  energy  distribution  of  the  electrons  ejected  from  the  target  surface  is  measured  using  a 
simple  retarding  grid  energy  analyzer,  and  those  electrons  with  sufficient  energy  to  overcome 
the  retarding  potential  barrier  are  detected  by  a  channeltron.  The  number  of  electrons  with 
energies  in  some  particular  interval  is  determined  by  switching  the  potential  applied  to  the 
retarding  grid  between  the  appropriate  limits  and  observing  the  resultant  change  in  the  detected 
electron  signal.  The  energy  analyzer  is  also  used  to  investigate  spin  dependences  in  the  total 
number  of  electrons  ejected  with  energies  greater  than  the  cut  off  determined  by  the  potential  V 
applied  to  the  retarding  grid.  Such  spin  dependences  are  characterized  by  an  asymmetry 
parameter  A(V)  defined  as 


A(V)  =  -J- 


U-1- 


IPhcI  U  +  J- 


(2) 


where  1+  and  L  are  the  ejected  electron  currents  observed  with  the  incident  beam  polarized 
parallel  and  antiparallel,  respectively,  to  the  majority  spin  direction  in  the  (magnetized)  target. 

A  second  independent  experimental  parameter,  the  polarization  of  the  ejected  electrons,  can 
also  be  measured.  This  is  accomplished  using  a  compact  Mott  polarimcter  equipped  with  a 
retarding  potential  energy  analyzer.5  The  average  polarization  of  those  ejected  electrons  with 
energies  greater  than  the  cut  off  set  by  the  retarding  potential  V  applied  in  the  energy  analyzer  is 
determined  by  measuring  the  asymmetry  in  the  count  rates  of  electrons  quasielastically  scattered 
(at  20  keV)  through  ±120®  at  a  gold  target.  The  electron  polarization,  which  depends  both  on 
the  helium  atom  polarization  and  the  retarding  potential,  is  defined  by 


Pe(PH..V)  = 


ip  + 


(3) 


where  Ip  and  Ia  are  the  currents  of  electrons  ejected  with  spins  parallel  and  antiparallel, 
respectively,  to  the  majority  spin  direction  in  the  target. 

Values  of  the  asymmetry  A(V)  measured  for  an  atomically  clean  Ni(l  10)  surface^  and  for 
an  Fe(llO)  surface  with  residual  carbon  (-9%)  and  oxygen  (~4%)3  -  the  cleanest  achievable 
and  henceforth  referred  to  as  the  "clean"  Fe  surface  --  are  shown  in  Figs.  2  and  3.  Fig.  3  also 
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Fig.  2.  Polarization  asymmetry  A  as  a  function  of 
retarding  potential  for  a  clean,  magnetized 
Ni(1 10)  sample  at  ~I30°C.  The  inset  shows  the 
measured  secondary-electron  energy  distribution. 


shows  the  changes  in  A(V)  that  result  when 
the  Fe(llO)  surface  is  exposed  to  oxygen. 
The  ejected  electron  energy  distributions  for 
the  clean  surfaces,  and  for  Fe(l  10)  following 
8  L  exposure  to  oxygen,  are  shown  in  insets. 
Fig.  3  also  includes  values  of  the  asymmetry 
expected  for  an  atomically  clean  Fe(llO) 
surface  obtained  by  linear  extrapolation  of 
the  asymmetries  measured  at  different 
oxygen  coverages  as  inferred  from  Auger 
an^ysis.  (Tests  revealed  that  the  presence 
of  small  amounts  of  carbon  on  the  surface 
had  a  negligible  effect  on  the  measured 
asymmetries.) 

The  asymmetries  shown  in  Figs.  2  and  3 
can  be  interpreted  in  terms  of  the  theory  of 
spin  polarized  metastable  atom  deexcitation 
at  magnetic  surfaces  recently  developed  by 
Penn  and  Apell  (PA).®  A  He(23S)  atom 
incident  upon  a  clean,  relatively  high-work- 
function  surface  such  as  Ni(l  10)  or  Fe(l  10) 


0  2  «  6  8  lO  12 


RETAROING  POTENTIAL  (volts) 


Fig.  3.  Values  of  the  asymmetry  A(V)  for  (a)  an 
atomically  clean  Fe(100)  surface  (obtained  by 
extrapolation,  see  text);  (b)  a  sputtered  and 
annealed  Fe(l  10)  surface;  and  (c),  (d),  (e),  (0,  and 
(g)  an  Fe(1 10)  surface  following  exposure  to  1,2, 
4. 8.  and  16  L  of  oxygen,  respectively.  The  inset 
shows  the  ejected  electron-energy  distributions  for 

a  clean  Fe(1 10)  surface  ( - )  and  following  an 

8-L  exposure  to  oxygen  ( - ). 


first  undergoes  resonance  ionization  (Rl)  in 
which  the  excited  2s  electron  tunnels  into  an 

unfilled  level  above  the  Fermi  surface.  The  resulting  He'*'  ion  continues  toward  the  surface 
where  it  undergoes  Auger  neutralization  (AN)  in  which  a  conduction  electron  from  the  metal 
tunnels  into  the  1$  hole,  the  released  energy  being  communicated  to  a  second  (Auger) 
conduction  electron  which  may  escape  from  the  metal.  Hie  energy  available  to  the  escaping 
electron  depends  on  the  energy  of  the  He'*'  Is  hole  and  this  decreases  as  the  ion  approaches  the 
surface  due  to  the  He'*'  image  potential.  Thus  the  farther  from  the  surface  that  the  AN  event 
occurs,  the  greater  the  energy  (on  the  average)  of  the  escaping  electron.  PA  show  that  the 


V. 
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measuted  asymmetries  arise  as  a  consequence  of  a  non-zero  magnetization  in  the  vacuum  welt 
outside  the  surface  where  AN  occurs. 

The  AN  rate  at  some  distance  z  from  the  target  surface  is  proTCitional  to  the  number 
density  of  conduction  electrons  at  z  that  are  available  to  fill  the  He^  Is  hole.  For  incident 
He(2^S)  atoms,  and  hence  He"*"  ions,  with  positive  (negative)  polarizations  (i.e.,  spins  parallel 
(antiparallel)  to  the  majority  spin  direction  in  the  magnetized  target)  neutralization  can  only 
occur  with  minority  (majority)  conduction  electrons  (the  helium  ground  state  is  a  spin  singlet). 
Thus  the  average  distance  at  which  AN  occurs,  and  hence  the  average  energy  available  to  the 
Auger  electron,  will  depend  on  the  spin  orientation  of  the  incident  He(2^S)  atoms  because  the 
majority  and  minority  spin  densities  in  the  vacuum  are  in  general  unequal  for  a  ferromagnetic 
target. 

Using  this  model,  PA  have  shown  that  the  sign  of  the  asymmetry  parameter  A(V)  will  be 
positive  (negative)  if  the  conduction  electron  density  in  the  vacuum  outside  the  target  surface  is 
predominantly  minority  (majority).  Their  analysis  of  the  Ni(llO)  asymmetry  yields  a 

magnetization  of - 20%  at  the  Fermi  energy  and  4.5  A  from  the  surface.®  The  negative 

magnetization  in  the  vacuum  is  consistent  with  band  calculations  of  Wimmer  et  al.  who  show 
that  the  nickel  s-p  electrons,  which  through  s-d  hybridization  are  polarized  oppositely  from  the  d 
electrons  that  dominate  the  total  magnetic  moment  in  the  bulk,  spill  out  into  the  vacuum  region 
and  are  dominant  beyond  -2.5  AJ  Negative  magnetization  in  the  vacuum  above  Ni(l  10)  has 
also  been  reported  by  Rau,  based  on  electron  capture  experiments.^  Exposure  of  the  Ni(1 10) 
surface  to  4  Langmuirs  of  CX)  reduces  the  measured  asymmetry  to  zero,  suggesting  that  the 
vacuum  magnetization  is  quenched  to  <  ±2%  within  experimental  uncenainty.^ 

The  data  in  Figure  3  show  that  A(V)  >  0  for  a  clean  Fe(l  10)  surface,  requiring  on  the  basis 
of  the  PA  theory  that,  as  for  Ni(llO),  minority  electrons  are  dominant  at  distances  -3-5  A 
outside  the  surface  where  AN  occurs.  However,  the  measured  asymmetry  is  extremely  sensitive 
to  the  presence  of  oxygen  on  the  surface,  reversing  sign  and  becoming  strongly  negative  for 
exposures  above  about  4  L.  According  to  the  PA  theory  this  requires  that  the  vacuum 
magnetization  at  distances  where  AN  occurs  change  from  negative  to  positive  upon  oxygen 
adsorption.  This  result  is  consistent  with  subsequent  ab  initio  electronic  structure  calculations 
by  Wu  and  Freeman,  which  reveal  that  the  Fe(1 10)  vacuum  magnetization  at  distances  where 
AN  occurs  is  indeed  negative,  strongly  so  for  states  near  the  Fermi  energy  that  arc  responsible 
for  the  large  asymmetry  observed  at  the  highest  ejected  electron  energies.^  The  calculations 
also  agree  with  experiment  in  showing  that  the  vacuum  magnetization  is  positive  for  the 
O/Fe(110)  surface. 

The  polarizations  Pe(PHe.V)  of  electrons  ejected  from  clean  and  oxygen-exposed  Fe(l  10) 
surfaces  were  also  measured.  The  data  are  summarized  in  Table  1  for  several  values  of  the 
retarding  potential  V.  Table  1  includes  data  obtained  using  an  unpolarized  incident  beam,  and 
an  incident  beam  polarized  either  parallel  or  antiparallel  to  the  majority  spin  direction  in  the 
(magnetized)  sample.  Since  the  polarizations  of  both  the  incident  He(2^S)  atoms  and  ejected 
electrons  arc  defined  relative  to  the  target  majority  spin  direction,  the  measured  values  of  Pe 
should  remain  unchanged  upon  reversal  of  the  magnetization  of  the  target  (MT  ->  M-L),  as  is 
observed.  In  contrast  to  the  marked  sensitivity  of  the  asymmetry  A(V)  to  oxygen  exposure, 
both  the  ejected-electron  energy  distribution  and  polarization  of  electrons  ejected  by  an 
unpolarized  incident  He(2^S)  beam  are  essentially  unchanged  by  oxygen  exposure. 

The  data  in  Table  1  also  reveal  a  significant  spin  correlation  favoring  the  ejection  of 
electrons  with  the  same  spin  orientation  as  the  incident  mfastable  atoms.  This  spin  correlation, 
which  amounts  to  -20%,  i.e.,  the  change  in  polarization  of  the  ejected  electrons  is  -20%  that  of 
the  incident  atoms,  is  similar  to  that  observed  from  paramagnetic  targets^*)  for  which  it  has  been 
demonstrated  that  metastable  deexcitation  occurs  via  RI-t-AN  exclusively."  Indeed,  this 
unexpected  >  20%  spin  correlation  in  Auger  neutralization  of  He'*'  ions  at  surfaces  has  been 
observed  for  every  target  investigated,  both  paramagnetic  and  ferromagnetic. 

The  ejected  electron  polarizations  resulting  from  the  deexcitation  of  an  unpolarized 
He(25S)  beam  at  both  a  clean  Fe(l  10)  surface,  and  following  oxygen  exposure,  are  positive,  i.e., 
the  ejected  electron  polarization  is  parallel  to  the  majority  spin  direction  and  reflects  the 
conduction  band  polarization.  This  requires  that,  on  average,  the  ejected  electrons  originate 
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TABLE  I.  Measured  spin  polsnzslioo  /*,(  10  of  electrons  ejected  by  both  unpoinrued  He<2^5)  aloms 
end  by  He(2^5)  atoms  polarized  parallel  and  antiparallel  to  the  majority-spin  direction  in  the  target. 
Data  for  the  clean  Fell  10)  surface  after  reversing  the  target  magnetization  {M 1  1 )  are  included. 

The  majority-spin  direction  in  the  target  is  taken  to  be  the  direetkm  of  positive  Fh,  and  F.l  K).  The  un- 
certainty  in  each  measured  value  of  P,  is  ±0.02. 
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deeply  enough  within  the  target  surface  that  their  polarizations  are  not  significantly  affected  by 
the  presence  of  an  oxygen  adlayer.  Photoeniission*^  and  electron  bombardment studies  of 
mu^  itized  iron  surfaces  also  have  shown  that  the  ejected  electron  polarization  mirrors  the  band 
polarization,  but  the  measured  polarizations  are  much  greater  than  observed  in  the  present  work. 
The  present  data  are,  however,  in  reasonable  agreement  with  the  results  of  Kirschner  et  al.  who 
studied  the  polarization  of  electrons  ejected  (by  potenrial  ejection)  when  1  keV  He"*^  or  Ar”*"  ions 
are  neutralized  at  a  magnetized  Fe(llO)  surface-*^  They  attribute  the  generally  low 
polarizations  of  the  ejected  electrons  to  a  reduction  in  the  band  polarization  in  the  near  surface 
region,  where  the  ejected  electrons  originate,  because  of  the  spill-out  of  negatively  polarized  s-p 
electrons  above  the  surface.  Alternately,  matrix  element  effects  favoring  Auger  ejection  from 
the  s-p  band  could  account  for  the  low  measured  polarizations. 

In  summary,  measurements  and  analysis  of  asymmetry  and  spin-polarization  of  electrons 
ejected  from  magnetic  surfaces  by  Hefi^S)  metastable-atom  deexcitation  demonstrate  that 
SPMDS  is  an  extraordinarily  sensitive  probe  of  the  surface  magnetic  environment  and  the 
pronounced  changes  that  can  result  upon  exposure  to  ambient  gases. 

ELECTRON  CAPTURE  AND  SPIN-POLARIZED  ELECTRON  EMISSION  SPECTRO¬ 
SCOPIES 

Electron  capture  spectroscopy  (ECS)  and  spin-polarized  eleenron  emission  spectroscopy 
(SPEES)  utilize  capuie  and  emission  of  spin-polarized  electrons  during  grazing-angle  surface 
reflection  of  fast  ions  at  magnetic  surfaces.  These  spectroscopies  provide  a  powerful  means  for 
study  of  two-dimensional  (2D)  magnetic  propenies  (critical  behavior,  element-specific 
ferromagnetic  order,  magnetic  anisotropies,  etc.)  both  of  bulk  surfaces  and  of  ultra-thin  films, 
with  unprecedented  surface  sensitivity.'5.l6 

The  fundamental  physical  process  in  ECS  is  the  capture  of  one  or  two  spin-polarized 
electrons  during  small-angle  surface  reflection  of  fast  ions,  enabling  the  study  of  both  long- 
range  and  short-range  order  at  surfaces  of  ferromagnetic  materials.'^-'*  For  150  keV  deuterons 
and  for  an  ion  angle  of  incidence  of  0.2®  the  distance  of  closest  approach  of  the  ions  to  the 
reflecting  surface  is  about  0.1  nm  (see  Fig.  4,  full  line).  Therefore,  the  ions  probe  spin-polarized 
local  electron  densities  of  state  at  the  topmost  surface  layer.  For  the  measurement  of  long-range 
surface  ferromagnetic  order,  one  electron  capture  processes  (D'*’  -f  e~  =  D®)  are  exploited  by 
determining  the  spin  polarization  of  the  captured  electrons;  details  are  presented  elsewhere.  For 
the  measurement  of  short-range  ferromagnetic  order,  protons  or  deuterons  are  used  to  study 
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two-electron  capture  processes  (e.g.,  D'*’  +  2e“  = 

D“).  1’^  The  only  stable  bound  state  of  H“  or  D“ 
is  the  ls2  Is  state.  Therefore,  stable  H“  otD~ 
ions  can  only  be  formed  by  capture  of  two 
electrons  with  oppositely  oriented  spins.  In  the 
ESP  experitnents  report^  here.  25  keV  protons 
w  ISO  keV  deuterons  are  used.  For  this  energy 
range,  the  distance  within  which  2  electrons  are 
captured  by  a  single  ion  is  in  the  range  O.S-2  nm. 

Thus,  two-electron  capture  processes  are 
sensitive  to  short-range  ferromagnetic  order 
existing  within  a  range  of  only  a  few  atomic 
neighbors.  It  is  obvious  that  two-electron 
capture  will  be  strongly  suppressed  by  the 
presence  of  short-range  ferromagnetic  order 
where  predominantly  electrons  with  parallel 
oriented  spins  are  available  for  capture  by  a 
single  ion.  The  reduction  in  the  H"7H‘*'  or  D” 

/D'^  ratio  measured  after  beam  reflection  at  the 
surface  of  a  magnetic  sample,  relative  to  that  for 
a  nonmagnetic  target  such  as  Cu,  provides  a 
direct  measure  of  the  short-range  ESP  at  a 
magnetic  surface. 

In  angle-  and  energy-resolved,  spin-polarized  electron  emission  spectroscopy  (SPEES), 
small  angle  surface  scattering  of  energetic  (5  -  150  kcV)  ions  (H'*',  He'*’  or  Ne'*')  is  used  to  study 
the  emission  of  spin-polarized  electrons  as  a  measure  of  long-range  surface  ferromagnetic  order. 
Fig.  1  illustrates  ion  trajectories  for  various  scattering  angles,  the  ion-induced  emission  of 
electrons,  and  the  surface  potential  plotted  on  a  plane  perpendicular  to  the  reflecting  surface. 
Varying  the  ion  scattering  angle  from  0.2®  up  to  45“  results  in  an  increase  of  the  probing  depth 
of  the  incident  ions  from  the  topmost  surface  layer  to  interface  and  deeper  layers.  Electrons 
emitted  along  the  surface  normal  (emission  cone  angle  8“)  of  a  nonmagnetic  or  remanently 
magnetized  target  are  both  energy-  and  spin  analyzed. 

Ultra-thin  magnetic  filiiis  are  deposited  by  electron  beam  evaporation.  The  thickness  of  the 
films  is  determined  with  a  calibrated  quartz  oscillator,  calibrated  Auger  electron  signals  and 
with  RHEED  oscillations.  The  island-free  growth  of  the  films  is  checked  by  monitoring  the  ion 
reflectivity  and  the  energy  distribution  of  the  specularly  reflected  deuterons.  At  the  surface  of 
all  films  studied  so  far,  the  reflectivity  is  not  reduced  from  its  initial  value  of  95%  measured  at 
the  carefully  prepared  substrate  surfaces  which  have  been  shown  by  scanning  tunneling 
microscopy  to  be  atomically  flat  over  distances  of  150  -  200  nm.  Funhermore,  the  presence  of 
islands  would  yield  an  additional  energy  loss  of  the  deuterons  caused  by  penetration  of  the  ions 
through  islands  by  planar  channeling,  which  is  not  observed. 

Ultra-thin  (5  nm)  hep  Tb(0(X)l)  films  which  are  epitaxially  and  homogeneously  deposited 
at  300  K  on  bcc  W(1 10)  substrates  provide  a  striking  example  of  the  use  of  ECS  for  studies  of 
long-range  ferromagnetic  order  with  top  layer  specificity.'^  The  elecuon  spin  polarization 
(ESP)  of  the  captured  electrons  is  measured.  Their  polarization 
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Fig.  4.  Scheme  illustraimg  ion  irajeciones  for 
various  scauering  angles,  the  emission  of  ion- 
induced  electrons  and  the  surface  potential  ploiied 
on  a  plane  perpendicular  to  the  refteciing  surface. 


P  = 


h^7+  n_ 


(4) 


is  defined  relative  to  the  direction  of  the  magnetic  field  H  applied  at  the  target,  and  n'*'  and  n‘  are 
the  numbers  of  majority-and  minority-spin  electrons  detected.'^  In  the  case  of  rare-earth  metals 
such  as  Tb  and  Gd,  the  measured  polarization  P  is  attributed  to  the  polarization  of  the  5d-6s 
surface  electrons’^  which  is  proportional  to  the  surface  magnetization  of  the  localized  4f 
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Fig.  5  Electron  spin  polarizsiion  P(%)  of  the 
topmost  surface  layer  of  5  nm  thin 
Tb(0001)/W(U0)  films  as  function  of 
temperature.  T(^  denotes  the  bulk  Curie 
lemperauire,  and  denotes  the  bulk  Neel 
temperature  of  Tb. 


Fig.  6.  Electron  spin  polarization  P/Pg  as  function 
of  T/Tc,  for  the  surface  of  a  2  ML  thin  bet 
Fe(100)p(lxl)/Pd(100)  film.  Tbe  solid  and 
dashed  lines  represent,  respectively,  the  exact 
solution  of  the  20  Ising  model  and  the  power  law 
approximation  for  T  ->  T^,. 


electrons,  the  predominant  carriers  of  the  magnetization.  P  is  measured  in  magnetic  fields 
ranging  between  23  and  600  Oe,  the  samples  being  magnetized  along  the  W[  100]  direction  and 
the  temperature  being  kept  constant  within  0.02°.  Such  applied  fields  have  been  shown  to  have 
a  negligible  effect  on  the  electron  spin  polarization  in  the  investigated  temperamre  range.^ 

In  Fig.  5,  the  temperature  dependence  of  P  at  Tb(0001)/W(l  10)  surfaces  is  shown  for  H= 
230  Oe.  H  was  varied  between  23  Oe  and  600  Oe,  and  no  significant  influence  on  the 
polarization  data  was  detected.  Nonzero  P  values  establish  that  the  surfaces  of  the  films  are 
ferromagnetically  ordered  up  to  248  K,  which  lies  above  both  the  bulk  Curie  and  N6el 
temperatures,  Tq,  and  T^j,,  indicated  in  Fig.  3.  With  increasing  tCTiperature,  P  decreases 
from  22%  at  146  K,  reaching  a  value  of  7%  at  about  240  K,  which  lies  slightly  above  and 
Tfji,.  As  T  increases  further,  P  increases  very  steeply  to  21%  at  243  K,  then  drops  suddenly  to 
zero  at  a  surface  Curie  temperature  T^s  ~  249.96  K.  In  more  recent  ECS  experiments,  it  has 
been  found  that  the  short-range  ESP  extends  up  to  temperatures  of  about  300  K. 

From  the  measured  temperature  variation  of  P  the  critical  exponent  B  is  determined 
simultaneously  with  by  a  linear  least-square  fit.  For  (T^s  -T)n'cs  ranging  between  2  x  lO'^ 
and  ICH,  a  value  B  =  0.348  ±  0.01  is  obtain^. 

Previous  magnetic  studies  of  surface  critical  behavior  have  been  restricted  to  the  case  T^s  = 
Tcb,  for  which  B  has  been  measured  to  be  0.73  ±0.03^*  for  several  systems.  The  only  other 
experimental  determination  of  B  for  the  case  larger  than  Tqi,  was  for  ultra-thin  films  of 
V(IOO)  on  Ag(lOO)  substrates,22  for  which  Tq,  =  0.  For  that  system  ECS  measurements 
yielded  P  =  0.123,  a  value  identical  to  that  of  the  two-dimensional  Ising  feiromagnet.  In  the 
present  case,  Tqj  lies  close  to  Tq,,  and  one  does  not  expect  2D  Ising  critical  behavior.  The  fact 
that  Tqj  ^  Tq,  indicates  that  the  magnetic  couplings  between  the  surface  spins  aie  strongly 
anisotropic,  which  may  explain  why  the  measured  p  =  0.348  is  much  smaller  than  the  value  p  = 
0.73  expected  in  the  absence  of  anisotropy.^^ 

In  other  ECS  experiments,  ultra-thin  (1-4  ML)  bet  Fe(lOO)  films  were  deposited  on 
atomically  flat  Pd(lOO)  substrates.  For  a  substrate  temperature  of  293  K  and  an  evaporation  rate 
of  0.002  nm/s,  homogeneous  and  island-free  growth  of  the  Fe  films  is  obtained.^'*  Tltc  samples 
are  magnetized  in  fields  up  to  73  Oe,  the  temperature  of  the  samples  being  kept  constant  within 
0.03°.  Such  applied  fields  have  a  negligible  effect  on  the  ESP  in  the  investigated  temperature 
range  and  it  was  found  that,  within  experimental  errors,  the  remanent  magnetization  is  equal  to 
the  saturation  magnetization.  Fig.  6  shows  the  normalized  long-range  electron  spin  polarization 
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P/Pq  at  the  surface  of  a  2  ML  Fe(lOO)  film  on 
PdflOO),  as  a  function  of  T/T^j,  with  “ 
613.1  K  being  the  measured  surface  Curie 
temperature  and  Pq  =  -33%  the  calculated  election 
spin  polarization  at  T  =  0.  The  full  line  in  Fig.  6 
represents  the  temperature  dependence  of  the 
magnetization  as  predicted  by  Yang  for  the  2D 
Ising  nnodel,^^  and  the  dashed  line  gives  the  best  fit 
in  the  asymptotic  power  law  approximation  with  p 
=  0.125.  It  is  obvious  that  the  experimental  data 
are  precisely  described  by  the  exact  solution  of  the 
2D  ising  m^el  given  by  Yang. 

For  the  SPEES  experiments  discussed  here, 
surface  scattering  of  25  keV  Ne'*’  ions  was  used  to 
study  the  emission  of  spin-polarized  electrons 
produced  as  a  consequence  of  the  particle- surface 
interaction.  Figure  Ta  shows  for  an  angle  of 
incidence  a  =  1°  the  energy  distribution  (relative  to 
the  vacuum  level)  and  the  ESP  of  electrons  emitted 
along  the  surface  normal  from  clean  (solid  line) 
and  O-covered  (dashed  line)  polycrystalline  Fe 
surfaces.  At  this  incidence  angle  the  Ne*  ions 
are  specularly  reflected  and  do  not  penetrate  the  Fe 
surfaces.  For  both  clean  Fe  and  O/Fe,  the  energy 
distribution  of  the  emitted  electrons  peaks  at 
around  4  eV.  However  at  O/Fe  a  strong  increase  in 
the  intensity  of  emitted  electrons  is  found  as 
compared  to  that  of  clean  Fe. 

The  ESP  of  electrons  emitted  from  the 
topmost  surface  layer  of  clean  Fe  is  P=(33±2)%  for 
E=10  eV  but  increases  to  P=(48±2)%  for  E^  eV. 
These  values  are  far  above  the  28%  average  bulk 
magnetization  value  of  Fe.  For  Fe  surfaces  with 
one  monolayer  of  O,  the  average  ESP  of  electrons 
at  E=10  eV  remains  nearly  unchanged  (32±2)%, 
but  for  electrons  with  E=4  eV  the  ESP  drops  from 
(48±2)%  to  -(14±2)%  eV  indicating  the  presence 
of  a  magnetically  active  surface  layer. 

It  is  of  considerable  interest  to  determine 
whether  the  measured  ESP  of  the  emitted  electrons 
reflects  the  layer-dependent  net  magnetization  of  a 
material.  From  ion-’*'^^-^*  and  electron-induced 
electron  spectra,^^  there  is  evidence  that  the  ESP  of 
electrons  emitted  at  high  energies  (=10  eV  above 
the  vacuum  level)  scales  roughly  with  the  average 
net  magnetization. 

For  o  =  8°,  Ei  is  32.8  eV,  and  the  ions  can 
penetrate  the  topmost  surface  layer  and  excite 
electrons  from  the  second  layer.  The  shape  of  the 
energy  distributions  of  the  emitted  electrons 
are  similar  to  those  of  Fig.  7a  with  the  peak 
maximum  shifted  upwards  to  about  5  cV  (see 
Fig.  7b).  In  this  case  the  average  ESP  of 
the  electrons  emitted  from  clean  Fe  increases  from 
P=29%  at  E=10eVtoP=50%atE=4eV.  For  the 


Fig.  7.  Energy  distribution  and  ESP  as  function  of 
the  energy  E  of  electrons  emitted  from  clean 
(solid  line)  and  0-covercd  (dashed  line)  Fe 
surfaces  by  incident  25  keV  Ne"*^  ions  and  with 
incidence  angles  of  1°  (a),  S'*  (b)  aS'*  (c). 
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0/Fe  surface  the  average  ESP  of  electrons  with  E=10  eV  remains  unchanged  {32±2%),  whereas 
for  electrons  with  E=4  eV  the  ESP  decreases  from  (50±2)%  to  (14±2)%  eV. 

Fig.  7c  shows  for  the  energy  distributions  and  the  ESPs  of  electrons  emitted  from  clean 
(solid  line)  and  O/Fe  (dashed  line)  surfaces  for  a  =  45°.  For  this  incidence  angle  Ei  is  12.5  keV 
and  the  ions  can  penetrate  deeply  into  the  solid  and  excite  electrons  from  bulk  layers.  Ir  this 
case  the  energy  distributions  of  clean  and  O-covered  Fe  surfaces  are  similar  to  those  obtain  .;d  in 
electron-induced  secondary  electron  emission  experiments,26-28  peaking  at  2  eV.  For  O/Fe 
surfaces,  however,  a  strong  increase  in  the  intensity  of  the  emitted  electrons  is  again  observed. 
For  electrons  excited  in  bulk  layers  electron  cascading  and  multiple  scattering  are  the  dominant 
processes  occurring  during  electron  transport  to  the  surface,  which  causes  the  well-known  2  eV 
peak  in  electron-  or  ion-induced  electron  spectra.  This  is  consistent  with  the  data  for  a=l°  and 
a=8°  where  the  energy  distributions  of  the  emitted  electrons  peak  at  higher  energies  (around  4-5 
eV)  showing  that  electron  cascading  and  multiple  scattering  processes  are  less  pronounced.  As 
regards  the  average  ESP  of  the  electrons  emitted  from  clean  Fe,  an  increase  from  P=(25±2)% 
for  E=10  eV  to  P=(45±2)%  for  E=4  eV  is  observed.  For  the  O/Fe  surface,  the  average  ESP  of 
electrons  with  E=10  eV  remains  unchanged  (25±2%),  whereas  for  electrons  with  E=4  eV  the 
ESP  drops  to  (15±2)%  eV. 

Changing  a  from  45°  to  1°,  which  corresponds  to  a  reduction  in  the  probing  depth  from 
deep  lying  layers,  where  bulk  physical  properties  are  probed,  to  the  topmost  surface  layer, 
results  in  an  increase  in  the  ESP  of  “high-energy"  electrons  from  25%  to  33%.  This  would 
imply  that  for  polycrystalline  Fe  surfaces  the  net  magnetization  increases  in  going  from  the  bulk 
to  the  surface.  Assuming  that  the  ESP  of  electrons  emitted  at  high  energies  (=10  eV)  scales 
roughly  with  the  average  net  magnetization,  it  is  tempting  to  interpret  this  surface  enhancement 
of  the  ESP  in  terms  of  theoretically  predicted  magnetic  surface  states  which  cause 
enhancements  of  the  magnetization  at  Fe(l()0)  and  Fe(l  10)  surfaces.^^'^O 

For  low  emitted  electron  energies,  the  measured  ESPs  from  clean  Fe  are  substantially 
enhanced  above  the  bulk  polarization  values,  as  has  been  observed  also  for  electron-  and  ion- 
induced  emission.  This  enhancement  can  be  attributed  to  Stoner  excitations  across  the 
ferromagnetic  exchange  gap  which  occur  during  inelastic  exchange  scattering  of  minority 
electrons.^’ -32  The  fact  that  the  enhancements  ate  observed  to  be  approximately  the  same  foi 
elections  emitted  from  the  surface  layer  (o  =  1°)  and  from  subsurface  and  deeper  layers  (a  =  8° 
and  45°)  suggests  that  the  mean  free  path  for  Stoner  excitation  is  of  order  one  monolayer  or  less. 

Finally,  the  substantial  polarizations  of  electrons  emitted  from  O/Fe,  and  the  pronounced 
dependence  of  the  ESP  at  low  energies  on  the  incidence  angle  of  the  ion  beam  clearly 
demonstrate  the  absence  of  a  magnetically  dead  layer  at  the  surface  and  are  consistent  with  the 
existence  of  spin-split  electronic  bands  in  the  occupied  and  unoccupied  parts  of  the  band 
structure  of  O/Fe  surfaces.^^ 

In  conclusion,  the  experiments  discussed  here  provide  clear  evidence  that  ECS  and  SPEES 
are  powerful  techniques  for  the  study  of  topmost  and  interface  layer  magnetic  properties. 

This  work  was  supported  by  the  National  Science  Foundation,  the  Department  of  Energy, 
the  Welch  Foundation  and  the  Texas  Higher  Education  Coordinating  Board. 
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ABSTRACT 

The  first  spin-resolved  x-ray  photoelectron  spectroscut-y  (SRXPS)  study  of  the  n  = 
2  core  levels  of  ferromagnetic  Fe  are  reported.  The  203,3,  2Pi/2  and  2s  core  levels 
all  display  interesting  spin-dependent  structures  and  splittings.  The  spectral 
complexity  predicted  by  a  purely  atomic  picture  is  not  observed  in  the  data.  The 
results  indicate  that  theories  incorporating  the  delocalization  of  the  3d  valence  band 
are  more  applicable  to  the  description  of  core-level  photoemission  in  iron. 


Spin-resolved  photoemission  has  played  an  important  role  in  elucidating  the  nature 
of  interface  magnetism.  The  majority  of  such  studies  have  been  spin-resolved 
ultra-violet  photoemission  (SRUPS)  investigations  of  the  valence-band  structure  of 
metallic  surfaces  [1-4].  These  studies  have  provided  a  wealth  of  information 
concerning  the  valence  electronic  structure  of  ferromagnetic  metals.  SRUPS  has  also 
been  used  to  measure  the  spin  dependence  of  the  rather  shallow  3s  and  3p  core  levels 
of  Fe  [5-8)  and  the  3p  level  of  Co  [11.  A  disadvantage  of  using  SRUPS  for  core-level 
study  is  that  the  low-energy  ultra-violet  radiation  can  photoionize  only  very  shallow 
core  levels,  leaving  the  more  tightly  bound  n  =  2  levels  of  the  3d  ferromagnets 
inaccessible.  While  SRUPS  is  ideal  for  valence-band  study,  valence-band  investiga¬ 
tions  do  not  usually  afford  the  element  specificity  that  is  often  required  to  investigate 
heterogeneous  magnetic  interfaces. 

We  present  here  the  first  spin-resolved  photoemission  study  employing  a  high 
photon  energy  (1253.6  eV)  often  used  in  x-ray  photoelectron  spectroscopy  (XPS) 
studies  of  core  levels.  Spin-resolved  XPS  (SRXPS)  results  for  the  Fe  2p3,2,  2p,,2,  and 
2s  levels  are  reported.  The  results  show  that  intra-atomic  exchange  effects  are 
important  for  these  tightly  bound  levels,  despite  their  small  radial  extent.  The  SRXPS 
data  also  clarify  the  nature  of  core-level  initial  states  involved  in  soft  x-ray  magnetic 
circular  dichroism  (MCD)  spectroscopic  studies  [9-1 1]  of  Fe. 


Experimental 

Our  Fe  sample  was  a  thin  film  prepared  by  evaporating  high-purity  Fe  in  ultra-high 
vacuum  onto  the  surface  of  a  sputter-cleaned  cobalt-based  ferromagnetic  metallic 
glass  of  composition  COe@Fe4Ni, B, 4Si, 5  (121.  The  glass  substrate  consisted  of  a  loop 
that  was  easily  magnetized  to  saturation  by  passing  current  through  coils  wrapped 
around  the  legs  of  the  loop.  This  arrangement  allowed  the  preparation  of  high-purity 
polycrystalline  Fe  films  with  thicknesses  of  20-30A  with  very  little  oxygen  contamina¬ 
tion  [131.  The  ferromagnetic  exchange  coupling  between  the  Co  metallic  glass 
substrate  and  the  Fe  thin  film  conveniently  leads  to  an  in-plane  magnetically  saturated 
Fe  film  (with  negligible  stray  magnetic  field)  that  is  required  for  SRXPS  study.  A  fresh 
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Fe  film  was  prepared  every  1 2-24  hours  as  needed.  The  very  surface  sensitive  30  eV 
secondary  electron  spin  polarization  of  Fe  showed  excellent  reproducibility  and 
stability  throughout  all  measurements. 

Our  SRXPS  spectrometer  combines  a  VG  Mkll  hemispherical  electron  energy 
analyzer  with  an  electron  spin  detector  based  on  the  low-energy  diffuse  scattering 
method  114].  The  photon  source  is  an  unmonochromatized  MgKa  (hw  =  1253.6  eV) 
x-ray  source  operating  at  510W  power.  The  instrumental  energy  resolution  was  1 .6 
eV  full  width  at  half  maximum.  The  spectrometer  vacuum  during  measurement  was 
5x10-’°  Torr. 


Results 

The  spin-resolved  data  were  collected  into  four  channels  N^,N  and  .  Here, 

N  L  represents  the  number  of  electrons  diffusely  scattered  to  the  left  (L)  from  the  Au 
target  in  the  spin  detector  when  the  sample  magnetization  is  positive  ( -i- ).  N  r  is  the 
number  of  electrons  scattered  to  the  right  |R)  from  the  Au  target  when  the  sample 
magnetization  has  been  reversed  to  the  negative  (-)  direction.  The  electron  beam 
polarization  ,P,  can  then  be  expressed  as  [15): 

_  _ 

where  S  is  the  analyzing  power  of  the  spin  detector,  known  as  the  Sherman  Function. 
The  value  of  S  for  our  measurements  was  0.04.  SRXPS  measurements  using  both  ( -t- ) 
and  /-)  magnetizations  (Eg. ID)  removes  from  the  polarization  data  apparatus 
asymmetry  effects  unrelated  to  the  spin  of  the  electron  beam  115).  Figure  1  displays 


Applied  Field  (Gauss) 

Fig.  1 .  A  hysteresis  curve  for  the  Fe  film 
generated  by  measuring  the  spin  polariza¬ 
tion  of  the  x-ray-excited  30  eV  Fe  sec¬ 
ondary  electrons  as  a  function  of  the 
magnetic  field  applied  to  the  metallic 
glass  substrate. 


Binding  Energy  (eV) 


Fig.  2.  Separate  Nt  and  Nt  SRXPS  spectra 
for  the  Fe  2p3,2  majority-spin  (a)  and  minor¬ 
ity-spin  (»)  photoelectrons,  respectively. 

The  lines  through  the  data  are  the  result  of 
a  simplex  fit  to  each  spin  component  using  a 
single  Doniach-Sunjic  lineshape  convoluted 
with  a  Gaussian  of  1 .6  eV  FWHM. 
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a  hysteresis  curve  acquired  with  x-ray  excited  spin-polarized  30  eV  secondary 
electrons.  The  hysteresis  loop  is  quite  sharp,  with  a  30  eV  spin  polarization  (P  = 
0.27)  consistent  with  the  known  Fe  nnagnetic  moment  of  2.2  Count  rates 
(summed  over  both  detectors)  for  the  2p3/2'  ^Pi/2<  levels  were  approximately 

2700  s  \  2290  s  \  and  1560  s  '  (161. 

The  polarization  data  can  be  separated  into  individual  N  t  and  N  t  SRXPS  spectra 
for  the  majority-spin  ( t  -spin)  and  minority-spin  ( i  -spin)  photoelectrons,  respectively 
[171.  The  Nf  and  components  for  the  Fe  2p3,2  level  are  shown  in  Fig.  2.  The 
lines  through  the  raw  data  are  simplex  fits  to  the  individual  N  t  and  N 1  spectra  using 
a  single  Doniach-Sunjic  (DS)  lineshape  (181  convoluted  with  a  1 .6  eV  FWHM  Gaussian 
representing  the  instrumental  response. 

The  N  t  and  N 1  Fe  2p3y2  spectra  are  both  fitted  very  well  with  a  single  OS  line.  The 
Nt  DS  component  has  a  binding  energy  of  706.69±0.03  eV  [191;  the  N*  Fe  2P3/2 
OS  component  has  binding  energy  of  706.21  ±0.03  eV.  Thus  an  apparent  'exchange 
splitting*  of  0.48 ±0.05  eV  is  observed.  Baumgarten  and  coworkers  [91,  using  the 
photoemission  MCD  technique  to  probe  the  Fe  2P3/2  level,  estimated  a  splitting  of 
0.5  ±0.2  eV,  with  the  majority-spin  component  possessing  the  higher  binding  energy. 
The  two  measurements  are  therefore  in  excellent  agreement  for  the  Fe  2P3/2  level. 
The  Nt  and  Nt  SRXPS  OS  lineshapes  have  very  similar  values  for  the  singularity 
index  a:  0.46 ±0.05  and  0.42 ±0.05  ,  respectively.  The  Nt  2P3/2  component  has 
a  larger  FWHM  Lorentzian  broadening  (0.56±0.04  eV)  than  the  Nt  component 
(0.44±0.04  eV).  The  Nt/Nt  Fe  2P3/2  integrated  intensity  ratio  is  0.77±0.05. 

It  should  be  noted  that  the  DS  lineshape,  which  has  found  considerable  success  in 
describing  core-level  XPS  lineshapes  in  metals  requires  that  the  true  binding  energy 
of  the  photoelectron  peak  (i.e.,  the  peak  position  in  the  absence  of  intrinsic  Fermi  sea 
excitations)  differs  from  the  spectra)  peak  maximum  when  Lorentzian  broadening  and 
intrinsic  Fermi  sea  excitations  are  present  [181.  Since  the  singularity  index,  or  , 
accounting  for  these  low-energy  electron-hole  pair  excitations  is  sizeable  for  the  Fe 
core  levels,  and  the  core  holes  are  naturally  lifetime  (Lorentzian)  broadened,  the 
reported  DS  binding  energies  appropriately  lie  to  somewhat  lower  binding  energy  than 
the  apparent  peak  maxima.  The  spectral  peak  maximum  is  not  a  reliable  indicator  of 
peak  binding  energy  for  these  metallic  XPS  lineshapes  [181. 

Figure  3  presents  N  f  and  N  *  SRXPS  spectra  for  the  Fe  2p.|,2  level.  Neither  the  N  t 
2p^/2  component  nor  the  N1  2p^/2  component  can  be  reasonably  fit  with  a  single  DS 
line.  The  N 1  component  seems  to  consist  of  a  main  peak  accompanied  by  a  broad 
shoulder  on  the  high  binding  energy  side.  The  spectral  complexity  of  the  2p.|/2  SRXPS 
spectra  makes  it  difficult  to  view  the  Fe  2p.,y2  level  as  simply  an  exchange-split 
doublet.  The  interpretation  [9, 1 01  of  photoemission  MCD  measurements  of  the  Fe 
2pi/2  level  suggests  a  2pi/2  doublet  split  in  energy  by  0.3±0.2  eV. 

However,  the  SRXPS  results  for  the  2p^/2  l^vef  suggest  additional  spectral  complexity 
not  resolvable  in  the  photoemission  MCD  studies. 

The  Fe  2s  SRXPS  data  are  shown  in  Fig.  4.  The  Fe  2s  level  is  a  challenging  SRXPS 
measurement  because  the  2s  line  is  quite  broad  and  lies  on  a  large  spectral 
background.  The  2s  Nt  and  N1  components  are  adequately  fit  by  single  DS 
lineshapes.  The  Fe  2s  Nt  peak  is  located  at  843.0 ±0.1  eV  with  a  Lorentzian  width 
of  7.4±0.3  eV  and  a  singularity  index  of  o  =  0.65  ±0.05.  The  Fe  2s  Nt  component 
has  a  binding  energy  of  841 .8  ±0.1  eV,  with  a  =  0.56  ±0.05  and  a  Lorentzian  width 
of  5.8±0.3  eV.  Thus  a  2s  "exchange  splitting”  of  1.2±0.2  eV  is  observed. 
Although  the  Nt  component  has  a  larger  singularity  index  and  lifetime  broadening 
than  the  N 1  component,  the  two  Fe  2s  spin-resolved  components  have  very  similar 
lineshapes.  This  Is  in  contrast  to  the  Fe  3s  level,  which  displays  drastically  different 
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Fig.  3.  Separate  Nt  and  Ni  SRXPS  spec¬ 
tra  for  the  Fe  2p.|,2  majority-spin  (a)  and 
minority-spin  (»)  photoelectrons,  respec¬ 
tively.  The  graph  lines  connect  the  ex¬ 
perimental  data  points. 


Fig.  4.  Nt  (a)  and  Ni  (t)  spectra  for  the 
Fe  2s  peak.  The  lines  through  the  data 
are  the  result  of  a  simplex  fit  to  each  spin 
component  using  a  single  Doniach-Sunjic 
lineshape  convoluted  with  n  Gaussian  of 
1.6  eV  FWHM. 


lineshapes  for  the  Nt  and  Ni  components  [51.  It  may  be  that  a  form  of  intra-shell 
electron  correlation  [20]  is  responsible  for  the  unusual  Fe  3s  lineshapes.  Electron 
correlation  should  affect  the  2s  level  to  a  much  smaller  degree  due  to  the  increased 
radial  separation  of  the  2s  and  3d  orbitals.  The  Fe  2s  Nt/Ni  intensity  ratio  is 
1.0±0.1. 


Discussion 

The  SRXPS  data  for  the  n  =  2  core  levels  are  particularly  revealing  in  regard  to  the 
nature  of  core-valence  coupling  in  metallic  Fe.  Intra-atomic  core-valence  exchange  is 
clearly  important  despite  the  small  radial  extent  of  the  n  =  2  levels.  If  one  were  to 
qualitatively  describe  the  2P3/2.  ^P-\i2  SRXPS  data  from  a  purely  atomic  viewpoint, 
one  could  start  by  considering  a  hypothetical  4s^3d^  Fe  atom  with  two  unpaired 
electrons  in  a  ground  state  (i.e.,  a  2ub  atom).  In  a  pair  coupling  (jK  coupling) 
scheme  [21),  the  2p  electron  spin  is  coupled  first  to  its  own  orbital  angular 
momentum  to  form  a  resultant  2p  total  angular  momentum  j  with  quantum  number 
I  =  3/2,  1/2.  The  spin-orbit  splitting  into  2P3/2  and  2p,,2  states  is  the  strongest  inter¬ 
action.  The  total  2p  angular  momentum  J  can  then  couple  to  the  orbital  angular 
momentum  of  the  valence  shell  L  to  form  a  resultant  total  momentum  K  (j  -F  L  =  K), 
which  can  in  turn  be  coupled  to  the  electron  spin  S  in  the  valence  shell  to  form  a 
resultant  total  angular  momentum  J  (K  -F  S  =  J)  with  quantum  number  J.  This 
atomic  picture  predicts  a  2P3/2  manifold  composed  of  12  discrete  states  and  a  2p,|/2 
manifold  composed  of  6  discrete  states.  Within  each  manifold  the  states  would  be 
separated  in  energy  according  to  the  J.  Atomic  calculations  suggests  that  such 
separations  would  be  sizeable,  up  to  a  few  electron  volts  [22]. 

The  level  of  complexity  predicted  by  this  purely  atomic  view  is  inconsistent  with  the 
relative  spectral  simplicity  of  the  SRXPS  data.  For  example,  the  finding  that  the  Fe 
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2p3/2  Nt  and  N1  components  are  both  reasonably  fit  by  single-component  DS 
lineshapes  strongly  suggest  that  an  atomic  complexity  does  not  exist  in  the  data,  even 
when  one  takes  into  consideration  the  nonzero  energy  resolution  of  the  SRXPS 
measurement.  The  jK  cnnpling  estimate  above  is  also  a  lower  limit  of  atomic 
complexity,  because  only  a  single  final-state  valence  configuration  has  been  assumed . 
The  2s  and  3s  [51  N  t  /N 1  intensity  ratios  found  experimentally  are  inconsistent  with 
an  atomic  view  that  would  suggest  a  ratio  of  S/(S  -h  1 )  1231.  Thus,  we  do  not  believe 
the  SRXPS  data  for  metallic  Fe  can  be  successfully  interpreted  by  atomic  theories  that 
consider  the  3d  valence  shell  to  be  purely  atomic-like,  or  by  solid-state  theories  (111 
that  consider  valence  spin  polarization  to  be  localized  rather  than  itinerant. 

Kakehashi  and  coworkers  [231  have  developed  a  theory  that  attempts  to  describe 
core-level  photoemission  while  interpolating  between  the  purely  atomic  and  purely 
delocalized  valence  limits.  They  predict  that  photoemission  of  an  t  -spin  core  electron 
produces  a  singlet  final  state:  photoemission  of  a  t-spin  core  electron  produces  a 
triplet  final  state.  The  energy  splitting  between  the  singlet  and  triplet  final  states  is 
theoretically  proportional  to  the  valence  magnetization.  The  intensity  ratio  between 
the  two  components  is  thought  to  depend  on  the  degree  of  valence-band  delocaliza¬ 
tion.  These  theoretical  predictions  are  in  qualitative  accord  with  the  SRXPS  data.  The 
experimentally  observed  Nt/Ni  intensity  ratios  suggest  a  rather  delocalized  3d 
valence-band  limit.  The  assumptions  inherent  in  the  theory  preclude  a  quantitative 
comparison  to  experiment. 

These  results  suggest  that  SRXPS  studies  of  the  deep  core  levels  will  provide  a 
wealth  of  information  regarding  surface,  interface  and  thin-film  magnetism.  SRXPS 
measurements  of  the  2P3/2  level  of  the  3d  transition  metals  should  be  particularly 
useful.  Such  measurements  are  highly  element-specific  due  to  the  large  energy 
differences  between  2P3/2  binding  energies  in  the  3d  transition  series.  The  2p3^2 
peaks  are  the  most  intense  in  the  XPS  spectrum,  and  the  kinetic  energies  of  the  2P3/2 
photoelectrons  endow  them  with  a  good  level  of  surface  sensitivity.  Further 
experimental  and  theoretical  work  is  required  to  reveal  the  extent  to  which  quantita¬ 
tive  information  regarding  the  atomic  magnetic  moment  can  be  extracted  from  the 
2p3/2  SRXPS  spectra.  However,  the  facts  that  the  spin-orbit  interaction  is  large  (and 
easily  identified)  for  the  2p  spectra,  that  the  Nt  and  Ni  2P3/2  components  have  a 
large  exchange  splitting,  and  that  the  N  t  and  N I  lineshapes  are  single  components 
all  suggest  that  a  quantitative  interpretation  will  be  possible. 

In  summary,  the  first  SRXPS  study  of  the  deep  core  levels  in  Fe  is  presented.  The 
results  clarify  the  nature  of  the  core-level  initial  states  often  involved  in  MCD  spectros¬ 
copies.  The  relative  simplicity  of  the  SRXPS  spectra  indicates  that  a  purely  atomic 
picture  is  incapable  of  describing  the  SRXPS  data,  and  that  theories  incorporating  the 
delocalization  of  the  3d  valence  band  are  more  applicable. 
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ABSTRACT 

The  origin  of  the  Rh  polarization  at  the  interface  with  Fe  is  discussed  within  a  self- 
consistent  mean-Field  parameterized  tight-binding  model.  Since  expeiimenialJy  it  is  not 
yet  known  how  Rh  grows  on  Fe(0<)l),  in  this  paper  we  consider  both  fee  and  bcc 
growth.  When  Rh  grows  in  the  fee  structure,  it  expands  its  lattice  parameter  and  a 
polarization  is  present  up  to  3  layers,  whereas  in  the  bcc  case  only  the  Rh  atoms  at  the 
interface  are  polarized.  The  results  obtained  are  compared  to  recent  spin-  ano  angle- 
resolved  photoelcctron  spectroscopy  experiments.  Good  agreement  w  ith  experiment  is 
obtained  in  the  ca.se  of  a  fee  Rh  configuration. 

INTRODL'CTION 

Kachel  et  al.  [11  have  recently  shown  through  spin-resolved  valence-band  and  core 
level  spectroscopy  that  very  thin  films  of  Rh  coated  on  FetOOl )  are  ferromagnetically 
ordered  at  room  temperature.  Through  ab-initio  calculations  using  the  full-potential  linear 
augmented-plane  wave  (FLAPW)  melhcxi  ( 1 1  they  found  that  a  perfect  Rh  monolayer  is 
polarized  ferromagnetically  with  Fe  with  a  magnetic  moment  of  0  82  Pp.  Nothing  is  said 
however,  in  this  calculation,  about  the  spin-polarization  of  a  small  number  of  Rh  layers 
grown  on  Fe.  Therefore  it  is  difficult  to  say  'a-priori',  as  suggested  in  the  paper  by 
Kachel  et  al.|ll,  that  the  Rh  overlayers  are  ferromagnetically  ordered  at  room 
temperature.  In  fact,  as  discussed  recently  by  different  authors,  Rh  may  pre.seni  some 
aniiferromagneiic  (AF)  polarization  near  the  ((X)l )  surface  121,  in  thick  Rh  films  (3  to  6 
layers)  13|  or  as  Rh  clusters  adsorbed  on  Ag(()()l)  14|.  The  origin  of  this  AF-like 
coupling  is  unclear.  Heine  and  Samson  15|  have  discus.scd  the  type  of  magnetism  which 
may  appear  in  the  transition-metal  series  and  proved  that  AF  coupling  is  favored  in  the 
middle  of  the  series  whereas  ferromagnetic  fF)  coupling  can  be  pre.seni  at  the  beginning 
and  the  end.  However  only  3D  systems  were  studied  in  their  work.  For  thin  films,  the 
geometry  of  the  problem  has  a  great  infiuence  on  the  spin-polarization. 

There  are  in  fact  two  possible  reasons  for  the  onset  of  magnetism  in  Rh  films  coated 
on  Fe((X)l ).  The  first  reason  is  a  purely  d-d  hybridization  where  the  d-band  splitting  of 
Fe  induces  a  polarization  in  the  d-bands  of  Rh.  This  is  usually  a  shon-range  effect  and 
has  been  observed  in  the  ca.se  of  Pdn/Fc((X)t)  161  :  the  Pd  atoms  in  the  film  arc  found  to 
be  polarized  in  contrast  with  Pd  atoms  and  Pd  bulk  crystals  where  no  magnetic  moments 
are  present.  The  second  reason  is  related  to  the  so-called  coordination  effect  which 
relates  the  magnetic  moment  of  a  given  atom  to  the  number  of  its  nearest-neighbor  (n.n.) 
atoms;  the  lower  the  number  of  n.n  atoms,  the  higher  the  magnetic  moment.  For 
example,  a  perfect  monolayer  of  Rh  on  Ag((X)l )  has  been  found  to  be  ferromagnetically 
coupled  in  all  calculations  17- 101.  For  sake  of  simplicity  this  contribution  will  be  called 
henceforth  "intrinsic  "  magnetism.  Indeed,  because  bulk  Rb  is  non-magnelic,  there  must 
exist  a  transition  between  the  ferroinagneiic  monolayer  and  the  bulk  paramagnei.  In  this 
paper  we  will  show  that  there  is  no  smooth  decrease  of  the  magnetic  moment  versus  the 
thickness  of  the  slab  but  an  oscillatory  behavior  of  the  polarization.  We  propose  a 
mcilKxi  which  can  discriminate  be'  ■'■en  the  d-d  interface  hybridization  and  the  thickness 
effect.  To  determine  the  polarized  Local  Density  of  Stales  (LDOS),  we  use  a  self- 
consistent  tight-binding  derivation  of  the  Hubbard  Hamiltonian  in  the  unrestricted 
Hartree-Fock  approximation.  In  this  work  we  study  the  magnetic  moment  versus  the 
exchange  integral  of  Rh,  allowing  us  to  discuss  clearly  the  physical  origins  of  the  Rh 
polarization.  For  a  precise  discussion  on  the  value  of  the  magnetic  moment  of  Rh  thin 
films,  a  value  of  0..5()  eV  is  taken  for  the  Rh  exchange  integral.  This  value  is  deduced 
from  a  LMTO  derivation  1 1 1 1  taking  into  account  that  a  calculation  using  the  Local 
Density  Approximation,  as  in  ref  1 1  i  1,  overestimates  the  final  value  by  20%  112). 
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The  differences  between  the  free  standing  Rh^  film  and  the  3  layer  slabs  of  Rh  on 
f  e((K)l )  are  the  following  ij  the  "tninnsic"  niagnelism  appears  for  smaller  values  of 
in  the  case  of  the  interf  ace  with  Fe;  ii)  the  paramagnetic  (P)  -  F  transition  is  first  order  for 
the  free-standing  film  whereas  it  is  second  order  in  Rhy/Fe((K)l) :  this  is  due  to  ihe  d-d 
hybridization:  iii)  for  large  values  of  there  is  a  faster  saturation  of  the  magnetic 
moment  in  the  case  of  Rh(  films  because  the  crHirdination  number  is  lower  compared  to 
the  Rhc/fellKIl  I  case 

In  Table  1  we  report  the  results  (for  Jri,  =  0  50  eV)  concerning  the  magnetization  of 
n  =  I  to  6  layers  of  Rh  in  the  fee  phase  on  FelOOl ).  Our  results  (for  the  fee  phase )  are  in 
agreement  with  the  Fl.APW  results  and  the  experimental  results  for  the  Rh  riKinolayer  on 
Fe((XH  1  :  the  Rh  atoms  bear  a  magnetic  mon  eni  of  0.90  Po  which  is  ferromagnetically 
coupled  to  its  Fe  neighbors.  The  polarization  of  the  fee  like  Rha/Fe((X)ll  decreases 
strongly  for  n  >  .3  as  shown  experimentally;  a  noticeable  polarization  remains  only  near 
the  iniertace  with  Fc  and  near  the  free  surface  of  Rh.  However,  contrary  to  the  claim  of 
Rachel  et  al  1 1 1.  the  |xilariz;ition  of  the  Rh  layers  over  FetOOl  i  does  not  seems  to  present 
a  ferromagnetic  polarization  hut  an  oscillatory  one 


Table  I  .Magnetic  iiioincnt  tlotobiiiHm  lor  fee  like  kh„in=  t  .T,  .,bi  layers  adsorheU  on  I-edXll  i  lor 
Jgl,=0.5(l  e\  Itulcv  1  stamls  lor  atoms  al  ilie  Kli/l-e  irn'rlace. 


In  Table  2.  we  repon  the  magnetic  moment  distibtilion  for  the  bcc  phase.  We  restrict 
ourselves  to  n  =  I  to  3  because  the  decrease  of  the  magnetic  moments  versus  the 
thickness  of  the  slab  is  much  more  rapid  than  for  the  fcc-like  Rh  film.  Clearly  the  bec- 
like  Rh  on  Fc((KII )  does  not  pa'sent  any  long  range  magnetic  order  T  he  main  difference 
between  Icc-like  and  bcc  like  film  is  the  distance  between  nearesi-neighbors  Rh  atoms  : 
tor  bcc  like,  this  distance  is  tiK>  small  to  have  an  trnset  of  "intrinsic''  magnetism. 
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Table  T  Magnetic  niomeiii  rlisinbufiiui  lor  hecTike  Kti„  iri^  l.T.  and  3i  layers  adsrirbed  on  Te(tX)l ) 
lor  Jr^j,-tl.5tt  eV.  link's  1  slands  tor  aioiils  al  the  Kh/Fe  interlace. 
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RESULTS 

Expcnmenially.  it  is  not  yet  ptsssible  to  discriminate  between  fee  and  bee  growth  of 
Rh  on  fe((Kil )  1 1 1.  fherefore  we  will  present  results  for  both  geometries.  F-ee  and  bee 
epita.xial  grow  th  of  Rh  on  Fe((K)l )  are  considered  I'he  distance  between  the  Rh 
monolayer  in  the  fee  phase  and  the  f'e((K)l )  substrate  is  higher  than  in  the  bee  growth. 
The  distances  are  given  by:  d'^'-  =  (apj.  +  an(,(fec))/2  and  =  (  ap,.  +  aK|,tbee))/2, 
where  the  a  s  are  given  by  aupffce)  =  42  ape  and  aKf|(bee)  =  ap^.  As  in  1131,  we  restrict 
this  calculation  to  icKal  nciitrality  for  the  determination  of  the  magnetic  moments  versus 
the  exchange  integral  ,  the  exchange  integral  Jp,.  being  adjusted  in  order  to  recover 
the  I'e  bulk  magnetic  moment  In  the  case  of  the  fee  monolayer  of  Rh  on  F-c((M)l),  a 
magnetic  moment  of  (1.90  p,,  is  obtained  for  Jg|,=  O..")!)  eV,  in  agreement  with  the 
FLAPW  calculation  of  the  perfect  Rh  monolayer  on  Fe((X)l )  1 1 1. 

In  Figures  1  we  report  the  results  obtained  for  3  layers  of  Rh  on  F-e((Hll).  f-'ig.Ia 
displays  the  polarization  for  Rh  in  an  fee  configuration  whereas  Fig.  1  b  concerns  Rh  in  a 
bcc  configuration.  The  difference  is  obvious;  for  Jri,  >  0.40  eV  the  three  layers  of  Rh 
are  polarized  for  the  fee  phase  whereas  in  the  bcc  configuration  only  the  interface  Rh 
layer  remains  polarized  These  results  can  be  easily  explained  because  the  Rh  Rh 
distance  is  much  smaller  in  the  bcc  phase  1 14|.  At  first  sight  the  polarization  of  the  Rh 
layers  is  very  striking  because  there  appears  an  AF  like  coupling  between  the  interlace 
Rh  layer  and  the  subsurface  Rh  layer,  llowever.  these  results  are  in  line  with  previous 
calculations  |2-4|. 

In  the  fee  pha.se,  the  two  contributions  to  the  magnetism  i.e.  the  d-d  hybridization  and 
the  thickness  of  the  film  can  be  easily  separated  if  we  consider  the  result  concerning  the 
polarization  of  a  3  layer  Rh  slab  (I'igure  2)  with  the  same  lattice  parameter  as  the  Rh 
films  on  F-e(001 ).  The  d-d  hybridization  can  be  assumed  to  give  a  slowly  increasing 
nearly  linear  contribution.  For  Rh^/FelOOl ),  the  thickness  effect  or  the  "intrinsic'' 
magnetism  appears  for  a  value  of  Jr(,  equal  to  0.40  eV.  Magnetization  in  Rhp  free¬ 
standing  film  appears  only  for  a  value  of  Jr),  roughly  equal  to  0.55  eV. 


0  0.1  0  2  0.3  0.4  0.5  0.6  0.7  0  8 

Exchange  Integral 

Figure  la:  Magnetic  moment  per  atom  (pg)  for  3  layers  of  fee- like  Rh 
adsorbed  on  Fe((X)l)  versus  the  exchange  integral  of  Rh. 
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Figure  1  b:  .Magnetic  moment  per  atom  (pg)  for  3  layers  bcc-like  Rh  adsorbed 
on  Fe((X)l)  versus  the  exchange  integral  of  Rh.' 


Exchange  Integral  Jg,,(eV) 


Figure  2  :  Magnetic  moment  per  atom  (pg)  for  the  surface  and  the  central  layers 
of  3-layer  slabs  of  fcc-Rh((X)l )  with  the  epitaxial  parameter  42  apg, 
versus  of  the  exchange  integral  of  Rh. 
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Let  us  consider  the  Icc-Rh/Fe  system.  Clearly  our  results  indicate  that  the  d  d 
hybridization  at  the  interface  is  short  ranited;  mainly  the  Rh  atoms  near  the  interface,  over 
3  planes,  are  affected.  .Moreover  the  value  of  this  magnetic  moment  at  the  interface  is 
lower  than  the  magnetic  moment  at  the  free  surface  for  n  <  5.  Thus  the  final  magnetic 
moment  distribution  of  the  Rh  film  can  be  related  to  some  boundary  conditions  (possibly 
giving  a  polarization)  ;ind  a  central  part  which  tends  to  have  no  magnetic  moment.  These 
boundary  conditions  are  not  symmetric:  a  clear  trend  exists  to  give  a  magnetic  moment  » 
035  Pp  at  the  Icc-Rh/Fe  interface  independently  of  the  Rh  thickness,  whereas  for  J  = 
0.,‘>0  eV,  the  ((X)l)  Rh  surface  will  not  display  a  magnetic  order  Thus  the  boundary 
condition  for  the  free  surtace  is  a  function  of  the  thickness. 

CONCLUSION 

In  this  short  communication  we  have  obtained  results  for  the  Rh|^Fe((X)l )  systems  that 
are  consistent  with  both  FLAPW  (for  the  Rh  monolayer  on  Fe(0()l))  and  with 
experimental  restilis  when  we  cotisider  the  epitaxial  growth  of  fee  Rh  on  Fe((X)  1 ).  A  new 
eff^ect  is  observed:  n  Rh  overlayers  on  Fe((X)l)  are  not  ferromagneiically  ordered  but 
present  an  oscillatory  polarization  which  is  short  ranged.  There  remains  however  some 
long-range  polarization  for  n  >  .3  but  the  ntagnetic  moments  are  much  lower  than  for  n  < 
4.  Let  us  recall  that  our  calculation  has  been  performed  at  T  =  OK.  Nevertheless,  some 
unresolved  problems  remain  because  the  LKFD  results  of  Kachel  et  ai.  1 1 1  revetiled  layer 
by  layer  but  non  epitaxial  overlayer  growth.  Another  difficulty  is  the  fact  that  we  have 
considered  fee  and  hcc  epitaxtal  growth  which  increa.ses  (fee)  or  decreases  (bcc)  the 
atomic  volume  of  Rh.  Therefore,  it  appears  to  be  of  interest  to  extend  this  calculation  to 
fet  and  bet  configurations  in  order  to  keep  a  constant  atomic  volume  in  the  growth 
process  of  Rh.  The  polarization  of  such  configurations  is  presently  under  investigation. 
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ABSTRACT 

We  determine  the  initial  growth  mode  of  Co  and  Fe  on  Cu(OOl).  In  the  monolayer  range 
Co  and  Fe  present  a  clear  trend  to  form  clusters  on  Cu  (001).  Supposing  a  perfect  epitaxy 
and  fee  lattice,  the  magnetic  moment  distribution  is  determined  by  using  a  tight  binding 
Hubbard-like  Hamiltonian.  The  influence  of  the  temperature  is  taken  into  account  in  order  to 
compare  the  theoretical  predictions  with  experimental  result-s. 


INTRODUCTION 

The  skill  of  elaboration  process  and  the  development  of  experimental  techniques  have 
revealed  the  complexity  of  epitaxially  grown  transition  metal  systems.  In  this  work  we 
concentrate  on  the  magnetic  properties  of  very  thin  Co  and  Fe  films  on  a  Cu((X)l )  substrate. 
These  systems  show  controversial  experimental  results.  At  room  temperature  for  a  Co 
monolayer  on  Cu((M)l),  Pescia  et  al.llj  found  a  long  range  ferromagnetic  order,  while 
Schneider  et  al.l21  have  shown  that  the  Curie  temperature  is  below  50K.  For  Iron 
conflicting  results  have  been  reported  (3|.  The  key  quantity  is  the  preparation  temperature: 
for  low  preparation  temperature,  five  monolayers  of  fcc-Fe(OOl)  show  a  large  magnetic 
moment,  while  after  annealing  at  temperatures  above  5(X)K  a  transition  to  state  with  a  low 
moment  is  ob.served  14), 

Concerning  the  growth  mode  of  Co  on  Cu((X)l)  substrate,  A.Schmidl5|  showed  by 
using  STM  that  roughly  30%  of  the  Cu  surface  is  still  not  covered  by  the  first  layer  of  Co 
when  10%  of  the  second  layer  is  already  present  on  top  of  the  first  layer  islands,  in 
agreement  with  the  results  of  Li  and  Tonner  |6|,  For  the  Fe/Cu  system,  the  situation  is 
confusing  .  Layer  by  layer  growth  mode  has  been  found  17.8),  whereas  Chambers  et  al.  |9| 
observed  that  at  room  temperature  the  first  monolayer  of  Fe  does  not  adsorb  unifomtely,  but 
forms  two-layer  thick  clusters.  At  3(H)K  Thomassen  et  al.  110)  have  observed  a  layer  by 
layer  growth  mode  for  thickne,s.s  above  5  ML,  but  below  this  thickness  the  film  is 
characterized  by  iron  agglomeration. 

In  this  short  paper  we  intend  to  study  the  growth  mode  of  Fe.  Co.  and  Ni  on  Cu(()01 ). 
and  to  discuss  the  infiuence  of  the  temperature  on  the  magnetic  behavior  of  these  systems.  A 
more  complete  discussion  of  the  magnetic  properties  of  Co  and  Fe  layers  on  Cu((X)l )  is  in 
progress  and  will  reported  elsewhere. 


initial  growth  mode  of  Co  AND  Fe  ON  Cu(OOl). 

The  initial  growth  mode  of  Co  and  Fe  on  Cu((X)l)  can  be  estimated  with  a  simple 
approach.  Consider  in  the  monolayer  range,  on  top  of  the  Cu((X)l)  semi-infinite  crystal,  a 
binary  alloy  (adsorbed  atoms  and  vacancies)  on  a  square  lattice:  Similarly  to  the  bulk  alloy 
phase  stability  studies  111]  this  alloy  problem  can  be  transformed  to  a  two-dimensional 
"Ising-like"  problem.  Hence,  each  lattice  site  p  is  associated  with  a  pseudo-.spin  variable  a 
taking  the  values  -rl  (if  an  adsorbate  occupies  the  site  p),  -1  (if  the  site  p  is  not  occupied). 

Any  configuration  on  the  lattice  can  be  specified  by  a  N-dimensional  vector  =l0|.  o-i . 

...Osj),  Thus  any  function  of  configuration  f(o)  can  be  expanded  in  terms  of  an  orthononiial 
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set  of  cluster  functions.  In  particular,  the  internal  energy  can  be  expanded  in  terms  of 
Effective  Cluster  Interactions  (ECl's): 

a 

where  are  the  ECl's  for  a  given  cluster  a  with  n^  sites  .  is  the  empty  cluster,  and 
are  the  correlation  functions,  given  by  the  ensemble  average: 

4a  =  <  0|.02  On„> 

This  model  has  been  used  successfully  to  determine  the  phase  stability  in  the  substitutional 
alloys  111,12],  and  more  recently  to  calculate  the  surface  segregation  phenomena  1 13,141. 
It  has  been  shown  that  few  ECl's  are  necessary  to  get  satisfactory  convergence:  pairs  and 
triples  are  generally  sufficient. 

In  general,  there  are  two  different  averaging  schemes  to  determine  the  ECl's.  In  the 
canonical  model  the  ECl's  depend  explicitly  on  the  concentration  of  the  adsorbed  atoms, 
while  for  the  grand-canonical  averaging  they  do  not  depend  on  it.  In  our  calculations,  we 
have  considered  only  the  later  scheme  which  correspond  to  a  concentration  c  =  SO  9c  of  the 
adsorbate  atoms.  In  this  paper,  the  ECl's  are  calculated  by  the  method  of  direct 
configurational  averaging  (DCA)  1 15),  within  the  framework  of  Lineari<:ed-Muffin-Tin- 
Orbital  (LMTO)  Hamiltonian  cast  into  tight-binding  form.  Some  of  the  advantages  of  the 
DCA  method  are  that  it  avoids  the  CPA  (Coherent  Potential  Approximation),  permits  a 
calculation  in  the  real  space  (using  the  recursion  method),  and  allows  to  lake  into  account  s. 
p  and  d  orbitals  on  the  same  footing.  Knowledge  the  values  of  ECl's  allows  to  search  for 
the  minimum  of  the  energy  with  respect  to  variation  in  the  Ising-model  configurations. 
These  ECl's  have  been  determined  from  the  electronic  structure  by  averaging  over  20 
randomly  selected  configurations,  and  using  10  levels  in  the  continued  fraction. 


In  the  present  work  we  have  computed  Effective  Pair- Interactions  (EPI's)  and  Effective- 
Triplet-Interactions  (ETl's).  supposing  a  paramagnetic  state  for  Fe,  Co  and  Ni.  Ni  has  also 
been  consideral  in  order  to  check  the  existence  of  a  general  trend.  For  all  these  cases  the 
trends  are  very  clear:  table  1  shows  that  the  nearest-neighbor  (n.n)  EPl  is  strongly  attractive. 
Thus  all  these  metals  will  form  clusters  on  Cu(0()l ).  Furthermore  by  checking  the  ETl's,  the 
linear  one  is  found  to  be  repulsive:  the  Fe,  Co  and  Ni  atoms  w  ill  form  compact  clusters,  as 
observed  experimentally  1 5,101. 


Metal 

V| 

Vn 

0| 

O2 

1. 

Fe 

-0.5572 

-().(K)4() 

0.(X)23 

-0.0016 

0.0394 

Co 

-0.4816 

-0.(K)52 

0.(KX)3 

-0.0004 

0.0253 

Ni 

-0.3961 

-0.0054 

0.0005 

().(XX)1 

().(X)66 

Table  I  :  Effective  Cluster  Interactions  for  2D  Co,  Fe  and  Ni  submono- 
layer  film  on  Cu((X)l).  Vjand  V2  are  the  nearest  neighbors  (n.n)  and 
next-nearest-neighbor  (n.n.n.)  Effective  Pair  Interactions,  Ojand  On  are 
the  Effective  Clu.ster  Interactions  corresponding  to  a  triangle  with  two  nn 
and  two  nnn  bounds,  L  corresponds  to  linear  ETl's. 


MAGNETIC  ORDER 


First  the  ground  state  (T  =  OK)  for  Co  and  Fe  on  Cu(OOl)  is  determined.  We  suppose  a 
perfect  epitaxy  of  Co  and  Fe  on  Cu(OOl)  and  a  perfect  fee  lattice  for  Co  and  Fe,  neglecting 
any  relaxation  or  reconstruction  [161.  We  use  a  self-consistent  tight-binding  Hubbard-type 
Hamiltonian  in  the  unre.stricted  Hartree-Fock  approximation  including  r.  p  and  d  electrons. 
The  calculations  are  performed  in  real  space  by  means  of  the  recursion  method.  Since  the  Co 
bulk  magnetic  moment  is  known,  the  value  of  the  exchange  integral  can  be  deduced, 
whereas  for  the  fee  Fe  the  situation  is  more  delicate.  The  bulk  magnetic  moment  versus  Jp,- 
(or  equivalently  the  lattice  parameter)  presents  a  first  order  transition.  In  this  work  we  have 
taken  Jpe=  1.10  eV,  and  we  found  an  A.F  bulk  ground-state  for  fee  Fe  with  a  magnetic 

moment  of  1.89  pg.  in  agreement  with  the  calculation  of  Freeman  et  al.|  17).  This  value  of 
Jpj  can  be  considered  as  an  upper  limit,  but  a  systematical  study  has  shown  [IS]  that  the 
general  trends  for  thin  Fe  films  are  rather  insensitive  to  the  value  of  Jp,,.  Similar  behavior  is 
also  observed  for  J=  1 .00  e  V,  but  for  this  value  the  bulk  fcc-Fe  ground  state  is  paramagnetic. 

For  a  perfect  monolayer  of  Co  on  Cu(OOl)  we  obtain  1.80  Pp,  whereas  on  a  6x6  square 
cluster,  the  inequivalent  magnetic  moments  are  found  to  increase  slightly  when  the 
coordination  number  decreases  as  shown  in  figure  1 .  For  2  ML  Co  on  Cu  ((X)l ),  the  surface 
(interface)  magnetic  moment  is  1 .80  pg  ( 1 .62  pg).  For  thicker  film,  the  values  of  magnetic 
moment  tend  fastly  to  the  bulk  values,  with  the  exception  of  the  surface  magnetic  moment 
wich  is  around  1.75  Pb  . 


M  M  M  WSlT 


atoms 

Magnetic  moment 

O 

1.89 

Wi 

O 

1.90 

9b 

Q 

1.92 

9b 

Q 

1.94 

9b 

O 

1.95 

9b 

O 

2.10 

9b 

Cu  substrate  atoms 

Figure  1  ;  Magnetic  moment  distribution  for  the  non  equivalent  atoms  in  the  6X6 
Co  cluster  on  Cu(001 )  substrate. 
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The  ground  state  of  the  Fe  monolayer  on  Cu(OOl)  is  clearly  ferromagnetic,  with  a  large 
magnetic  moment  S.OOii^.  For  the  2ML  Fe/Cu(001)  we  found  two  solutions,  the 
ferromagnetic  solution  has  the  sufaceand  interface  magnetic  moment,  respectively,  2.62  pg 

and  2.93pb,  and  the  antiferromagentic  one  has  a  magnetic  moment  2.40  Po  and  -2.84  pj^ 
for  interface  and  surface  respectively.  These  values  are  in  accordance  with  the  ab-initio 
calculation  carried  out  by  C.  L.  Fu  and  J.  Freeman  [17].  We  can  note  that  the  surface 
magnetic  moment  of  one  monolayer  and  two  layers  with  the  ferromagnetic  inierplane 
coupling  is  the  same  in  the  both  cases.  For  thicker  film,  we  obtain  multiple  solutions  for  the 
local  magnetic  moment  (table  2).  Let  us  note  the  comparable  magnetization  on  the  surface 
layer  for  the  different  solutions  and  for  different  thickness,  and  the  large  values  of  the  other 
magnetic  moments  are  obtained  when  only  ferromagnetic  coupling  is  present.  An 
antiferromagnetic  coupling  induces  a  decrease  of  local  magnetic  moments.  These  trends 
seem  to  be  quite  general.  However,  a  full  calculation  is  needed  to  obtain  quantitative  results. 
Finally  we  should  like  to  mention  that  for  a  two-  and  three-  layer  film  of  fcc-Fe  on  Cu  ((K)l ) 
we  obtain  all  possible  combinations  of  different  couplings  between  planes  parallel  to  the 
((Kll )  direction.  For  a  four-  layer  Fe  film  on  Cu  (00\),  two  possibiltie.s  of  coupling  do  not 
exist.  In  a  general  manner  for  n-  layer  Fe  film,  2^'  ^  solutions  exist  a  priori. 


System 

(S)  (Mb) 

P(S-1)(pb) 

p(S-2) (pb) 

p(S-3)  (pb) 

Tc/Tcihulk) 

Fei/Cu((K)l) 

3.00 

0.46 

Fe2/Cu((X)l) 

2.93 

2.62 

1.35 

-2.84 

2.40 

1.20 

FeyCufiXl!) 

2.88 

-1.60 

2.. 50 

1 .03 

-2.84 

2.10 

2.60 

1.28 

-2.95 

-2.22 

2.46 

1.35 

2.94 

2.44 

2.6! 

1.49 

.  VCu((X)l) 

2.94 

2.39 

2.38 

2.. 59 

1..50 

2.94 

-2.22 

2.13 

2.58 

1.35 

2.89 

1.68 

-1.85 

2.49 

1.04 

-2.92 

-2.,36 

-2.06 

2.46 

1.38 

2.94 

2.22 

-1.86 

2.47 

1.28 

2.86 

-1.73 

2.17 

2. .58 

1.16 

Table  2  ;  Magnetic  moment  per  atom  in  unit  of  Bohr  m.igneton  of  fee 
Fen/Cu((X)l)  film;  2'*'^  solutions  are  obtained.  It  i  -  also  reported  the  ordering 
temperature  (Tc)  in  units  of  the  bulk  critical  ten^rature.  (S)  denotes  the  free 
surface,  whereas  the  index  (S-n-i-1)  denotes  the  Fe  plane  at  the  (2u  interface. 
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In  a  recent  study  .  the  temperature  effects  has  been  described  in  a  mean-field  approach 
by  considering  Ising-  or  Heisenberg-type  spins  and  thermal  fluctuations  1 191.  A  perfect 
layer-by-layer  growth  mode  is  found  to  exhibit  a  ferromagnetic  order  for  a  coverage  of  one 
ML,  By  considering  non  perfect  layer-by-layer  growth  as  observed  experimentally,  the 
on.set  of  a  long-range  ferromagnetic  order  is  obtained  for  Co  at  coverage  larger  than  one 
monolayer  in  agreement  with  refl2|.  Stampanoni  et  al.|20|  have  reported  the  thickness 
dependence  of  the  Curie  temperature  for  fee  Fe  film  on  Cu  ((X)l).  A  maximum  for  T^.  is 
found  in  the  range  of  2-3  ML  (500  K),  then  Tj.  decreases  to  3(X)K  till  15  ML,  when  the 
transition  to  bcc  pha.se  occurs.  According  to  our  calculation  reponed  in  table  2,  this  behavior 
corresponds  to  the  ferromagnetic  solution. 

In  the  monolayer  range,  another  problem  arises.  For  finite  systems  like  magnetic  islands 
a  sharp  transition  from  an  ordered  to  a  disordered  state  no  longer  exists.  In  this  case  an 
internal  ordering  temperature  T^.""  can  be  defined  giving  a  rough  estimate  whether  the  finite 
system  is  ordered  or  not.  This  case  leads  to  an  ensemble  of  superparamagneiic  panicles.  By 
increasing  the  magnetic  atoms  coverage,  the  whole  film  becomes  coherently  ordered. 
Generally  in  this  case  a  sharp  phase  transition  at  an  extenied  ordering  temperature 
exists.  For  almost  complete  layer  these  two  temperatures  should  merge,  otherwise  is 
lower  than  T^."". 

The  determination  of  the  magnetic  moment  distribution  is  not  easy.  The  ordering 
temperature  corresponding  to  the  onset  of  a  long-range  magnetic  order  is  the  relevant 
quantity  which  allows  to  compare  experimental  results  and  theoritical  predictions. 

A  way  to  lest  this  approach  is  to  determine  Tc  at  given  thickness  for  a  different 
preparation  temperature.  As  shown  before  for  increasing  preparation  temperature  in  the 
monolayer  range,  Co  forms  more  compact  clusters.  Then  the  experimental  ordering 
temperature  decreases,  corresponding  to  a  decrease  of  T^.">,  This  behavior  has  clearly 
observed  by  M,  T.  Kief  et  al,[21 1, 

In  conclusion,  in  this  short  communication,  we  have  detemtined  the  initial  growth  nxxle 
of  Co,  Fe  and  Ni  on  Cu  (001),  In  agreement  with  experimental  results,  these  atoms  tend  to 
form  clusters.  The  influence  of  the  temperature  has  been  taken  into  account.  The 
determination  of  the  ordering  temperature  allows  a  comparison  with  experimental  results. 
The  importance  of  the  preparation  temperature  have  been  also  emphasized.  For  Co  on 
Cu(OOI)  a  clear  description  can  be  proposed.  However,  for  Fe/Cu(()01).  the  situation  is 
much  more  complex.  A  complete  study  should  include  relaxation  and  reconstructions. 
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Section  B— Interfaces  and  Characterization 
_ PART  II _ 

Applications  of  Synchrotron 
Radiation  Techniques  to  Magnetic  Materials 


SPIN  POLARIZED  PHOTOEMtSSION  STUDIES  OF  QUANTUM  WEa  STATES  IN  THIN  FILMS 


P.D.  JOHNSON,  NB.  BROOKES.t  Y.  CHANG,  aid  K.  GARRISON 
Physics  Dept.,  Brookhaven  National  Laboratory.  Upton,  NY  11973. 


ABSTRACT 

Spin  polarized  phoioemission  is  used  to  study  the  electronic  structure  of  noble  metals 
deposited  on  ferromagnetic  substrates.  Studies  of  Ag  deposited  on  an  Fe(OOl)  substrate  reveal 
a  series  of  minority  spin  interlace  or  quantum  welt  states  with  binding  energies  dependent  on 
the  thickness  of  the  silver.  Similar  behavior  is  observed  for  Cu  films  deposited  on  a  fee 
Co(OOI)  substrate.  Tight-binding  modeling  reproduces  many  of  the  observations  and  shows 
that  hybridization  of  the  sp-bands  with  the  noble  metal  d-bands  cannot  be  ignored. 


NTRODUCTtON 

Surfaces,  thin  films  and  multilayers  may  all  display  unique  and  interesting  magnetic 
properties.[1)  Theoretical  studies  indicate  that  enhanced  magnetic  moments  may  exist  both  in 
the  surface  and  in  the  interface  region  between  two  elemental  systems. [2]  Magnetic 
multilayers  display  oscillatory  exchange  coupling  which  is  currently  the  subject  of  a  large 
amount  of  research.  Dependent  on  the  thickness  of  some  intervening  non-magnetic  layer, 
adjacent  ferromagnetic  layers  may  align  either  ferromagnetically  or 
antiferromagneiically.131  Straighiforward  application  of  RKKY  theory  with  a  period  length  X 
given  by  it/kp,  where  kp  is  the  free  electron  Fermi  wave  vector,  has  been  shown  not  to  be 
applicable  to  these  systems.  Indeed  if  we  consider  copper  as  ihe  intervening  layer,  RKKY 
theory  would  predict  a  period  length  of  between  one  and  two  atomic  layers.  In  reality  the 
period  length  is  often  found  to  be  of  the  order  of  5-6  monolayers.  Theoretical  studies  have 
shown  that  a  more  realistic  description  of  the  oscillation  periods  may  be  obtained  by 
consideration  of  Fermi  surface  spanning  vectors  that  reflect  Ihe  correct  nearly  free  electron 
Fermi  surface  of  copper.[4]  These  theories  consider  Ihe  intervening  layer  in  terms  of  the 
bulk  band  structure  and  predict  oscillation  periods  given  by  2n/q  where  q  is  effectively  2kf:-G 
with  G  the  appropriate  reciprocal  lattice  vector. 

The  finite  dimensions  of  a  thin  film  will  lead  to  a  quantizatijn  of  the  bulk  band 
structure  in  the  direction  normal  to  the  film.  This  results  in  the  observation  of  a  series 
discrete  slates  with  binding  energies  dependent  on  the  thickness  of  Ihe  film  rather  than  the 
continuum  of  states  characterizing  the  bulk.  In  experimental  studies  the  observed  discrete 
states  have  been  termed  interface  states  in  the  ullraihin  regime[5|  and  quantum  well  states  in 
the  case  of  thicker  films.[6|  In  the  latter  study  it  has  been  observed  that  the  states  cross  the 
Fermi  level  with  a  periodicity  comparable  to  that  found  for  the  period  length  of  the  exchange 
coupling  in  the  multilayers.  This  observation  lead  to  the  suggestion  that  these  slates  are  in 
fact  involved  in  the  coupling  between  adjacent  ferromagnetic  layers,  which  is  not 
unreasonable  because  the  states  effectively  define  the  Fermi  surface  which  is  invoked  in  the 
RKKY  like  theories  of  Ihe  coupling.jJ] 

Phoioemission  studies  of  these  different  systems  are  limited  by  Ihe  mean  tree  path  or 
escape  depth  of  the  photoelectrons.  It  is  therefore  not  possible  to  study  Ihe  electronic 
structure  of  the  muitilayer  systems  directly.  However  it  is  possible  to  explore  Ihe  properties 
of  thin  films  and  extrapolate  Ihe  observations  from  those  systems  to  Ihe  multilayer  problem. 
In  this  paper  we  use  spin  polarized  photoemission  to  study  the  etectronic  structure  of  the 
noble  metals  Ag  and  Cu  deposited  on  the  ferromagnetic  substrates,  Fe(OOI)  and  fee  Co(OOI) 
respectively.  For  both  systems  we  observe  quantum  well  states  that  display  Ihe  finite  size 
effects.  Our  spin  polarization  measurements  indicate  that  in  all  cases  Ihe  states  show 
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minority  spin  polarization.  Tight-binding  calculations  provide  similar  results  to  these 
observations  and  show  that  the  states  have  sp  and  d  character.  The  spin  polarization  observed 
for  the  states  is  also  shown  to  reflect  the  hybridization  in  the  interlace. 


EXPERIhENTAL 

The  experimental  studies  in  this  paper  were  carried  out  on  a  spin  polarized 
photoemission  facility  developed  on  beamline  U5  at  the  National  Synchrotron  Light  Source 
(NSLS).[7]  This  system  exploits  the  large  photon  flux  provided  by  a  UV  undulator  source. 
The  spin  polarization  is  measured  with  a  low  energy  spin  detector  described  in  detail 
elsewhere.[8]  Briefly  the  photoemitted  electrons  pass  through  a  commercial  hemispherical 
analyzer  before  scattering  of  a  polycrystalline  gold  surface  at  an  incident  energy  of  fSO  eV. 
An  asymmetry  in  the  scattering  provides  a  measure  of  the  spin  polarization  of  the  electrons. 
The  experimental  facility  was  also  equipped  with  Auger  Electron  Spectroscopy  (AES)  and  Low 
Energy  Electron  Diffraction  (LEED)  for  monitoring  chemical  composition  and 
crystallographic  order  respectively. 

The  silver  films  were  grown  by  evaporating  silver  onto  iron  picture  frame  cut  in 
the  <001  >  direction.  The  copper  films  were  grown  by  evaporation  onto  a  fee  Co(OOI) 
substrate  previously  grown  on  a  Cu(OOl)  substrate.  Elsewhere  it  has  been  shown  that  Co 
films  grown  in  this  manner  have  a  tetragonal  distortion  perpendicular  to  the  film. [9] 
Evaporation  rales  were  monitored  both  by  AES  and  quartz  crystal  monitors.  LEED  studies 
indicated  that  for  silver  deposition  on  Fe(OOl)  it  was  possible  to  grow  a  good  p(1xl) 
structure  out  to  several  layers.  LEED  studies  also  indicated  that  tor  both  Co  growth  on  the 
Cu(OOI)  substrate  and  the  subsequent  growth  of  Cu  on  the  Co  substrate  the  structure  was 
again  a  p(1x1).  This  observation  confirms  earlier  structural  studies  of  this  system. [9, 10] 

Spin  polarized  photoemission  studies  of  the  Co(OOl)  film,  grown  to  a  thickness  of  the 
order  of  20  monolayers,  confirmed  the  spectra  found  in  earlier  studies  and  also  confirmed  the 
bulk  ferromagnetic  band  structures  calculated  for  this  material.lll)  As  a  secondary  check  on 
the  thickness  of  the  copper  thin  films,  a  second  Co  film  was  deposiled  on  the  outside  of  the 
copper  film.  The  exchange  coupling  between  the  two  cobalt  layers  was  then  measured  by 
monitoring  the  spin  polarization  in  the  photoemission  from  the  outer  layer.  These  latter 
measurements  found  similar  results  to  those  found  in  an  earlier  surface  magneto-optic  Kerr- 
effect  study  of  the  coupling  in  Cu/Co  multilayers.llO] 


RESULTS 

Photoemission  studies  of  the  silver  overlayers  deposited  on  Fe(OOI)  reveal  a  series  of 
states  that  have  discrete  binding  energies  dependent  on  the  thickness  ol  the  silver  film. [5, 12] 
As  shown  in  fig.  1 ,  these  states  are  observed  to  step  up  towards  and  through  the  Fermi  level  at 
a  film  thickness  of  the  order  of  three  or  four  monolayers.  The  zero  coverage  or  clean  surface 
specirum  shows  a  minority  spin  feature  at  a  binding  energy  of  2.4  eV  that  has  previously  been 
shown  to  be  a  surface  slate.11 3]  Inverse  pholoemission  studies  of  this  same  system  indicate 
that  this  trend  continues  with  the  stales  having  passed  through  the  Fermi  level  eventually 
converging  on  the  )(4'  critical  point,  characteristic  of  bulk  Ag.(14]  Also  shown  in  fig.  1,  spin 
polarization  measurements  indicate  that  these  states  carry  minority  spin  polarization  at  all 
thicknesses  measured. [5] 

Similar  behavior  is  found  in  studies  ol  copper  films  deposiled  on  Co(001).[15J  Shown 
in  fig.  2,  a  series  of  states  is  again  observed  in  the  vicinity  belwee.i  the  copper  3d  bands  and 
the  Fermi  level.  The  incident  light  was  p-polarized  with  an  energy  of  24  eV  for  these  spectra. 
Spin  polarized  photoemission  measurements  show  that  in  all  cases  the  quanium  well  stales 
again  carry  minority  spin  polarization.  A  comparison  of  the  Fermi  surface  crossing  for  these 
states,  fig.  3,  confirms  the  observation  of  Himpsel  and  co-workers[6.14]  that  the  crossings 
occur  with  a  frequency,  5-6  monolayers,  comparable  to  that  observed  for  the  oscillatory 
exchange  coupling  in  the  magnetic  multilayers.llO] 

The  frequency  of  Fermi  surface  crossings  lor  the  quanium  well  states  may  simply  be 
derived  within  the  context  of  a  phase  model.ll  6-1 8]  Here  the  states  are  considered  to  be 
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Fig.  1.  The  photoemisslon  spectra  (left  panel)  and  spin  polarization  (right  panel)  measured 
from  silver  films  deposited  on  Fe{001)  as  a  function  of  silver  thickness.  The  spectra  show 
interface  or  quantum  well  slates  stepping  up  to  the  Fermi  level.  The  incident  photons  are  p- 
polarized  with  an  incident  photon  energy  of  52  eV. 


confined  within  the  quantum  well  defined  by  the  metal-metal  interface  on  one  side  and  the 
solid-vacuum  interface  on  the  other.  If  the  total  phase  change  on  reflection  at  the  solid-solid 
interface  and  at  the  solid-vacuum  interface  is  given  by  the  binding  energy  of  the  different 
states  will  be  given  by 

^  +  2kma  =  2itn.  n=  1,2.3 .  (  1  ) 

where  k  describes  the  wavevector  of  the  state,  m  is  the  number  of  layers  in  the  film,  a  is  the 
interlayer  thickness  and  n  takes  integer  values.  With  each  new  layer  the  series  of  states  given 
by  equation  (1)  is  redefined  through  the  addition  of  an  extra  2n  to  the  right  hand  side, 
reflecting  the  presence  of  the  additional  layer.  If  we  consider  the  phase  changes  appropriate  to 
the  Fermi  level,  then  it  is  easy  to  show  that  two  successive  stales  with  the  same  spin  will 
cross  the  Fermi  level  at  a  separation  in  layers  Am  given  by 

dm  = — a — =  kB.z__  (2) 

it-kpa  kez-kF, 

Here,  the  zone  boundary  wave  vector  kez  is  given  by  n/a.  Recognizing  again  that  kez-kp  is 
equal  to  q/2,  with  q  the  zone  boundary  Fermi  surface  spanning  vector,  equation  (2)  reduces  to 
a  period  length  Ama  equal  to  2it/q.  i.e.  the  same  as  that  found  in  the  RKKY  like  theories 
discussed  earlier.[4] 
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CALCUIATIONS  AND  DISCUSSION 

In  order  to  better  understand  the  results  presented  in  the  previous  section,  we  have 
developed  a  spin  dependent  tight-binding  scheme  in  a  slab  formulation  that  allows  us  to 
calculate  the  electronic  structure  of  the  different  thin  film  systems.  These  tight-binding 
calculations  were  carried  out  using  an  approach  based  on  the  use  of  a  Hubbard  Hamiltonian. 
Thus 


H  -  y  E{k)ni,  ♦  U,  y  nmnn 

where  the  first  term  reflects  the  paramagnetic  bandstructure  and  the  second  term  represents 
the  rTKXlification  due  to  an  on-site  spin  dependent  potential,  U.  This  ‘exchange  ‘  potential  leads 
to  a  spin  dependent  splitting  of  the  electronic  states  with  the  resulting  formation  of  local 
moments.  We  associate  U  with  the  effective  Stoner  parameter  for  the  different  elements.  It 
has  been  demonstrated  elsewhere  that  the  latter  parameter  is  essentially  an  atomic  property 
showing  little  variation  from  one  environment  to  anoiher.{19) 

Our  approach  is  to  assume  in  the  case  of  Ihe  transition  metals,  that  the  moments  are 
carried  almost  entirely  by  the  more  localized  d  electrons.  Thus  we  take  the  parameters 
associated  with  a  tight-binding  fit  to  the  appropriate  paramagnetic  or  non  magnetic  band 
structure,  split  the  on-site  spin  dependent  energies  lor  the  d-blocks  by  an  amount  a  and.  in 
the  case  of  a  non-orthogonai  fit.  make  appropriate  adjustments  to  the  associated  off-diagonal 
elements  We  then  integrate  the  spin-dependent  densities  of  states  up  to  the  Fermi-level  to 
obtain  the  resulting  layer  dependent  moments.  A  sell-consistent  solution  is  sought  such  that 
for  each  layer 

A|  =  Uim,  (  4  ) 

where  A|is  the  layer  dependent  splitting  introduced  into  the  d-block.  Ui  the  layer  dependent 
Stoner  parameter  and  mi  the  calculated  moment  for  each  layer. 


Energy  (eV) 


Fig.  2.  The  photon  emission  spectra 
recorded  from  copper  films  deposited  on 
an  Co(00l )  substrate.  The  spectra 
show  the  region  between  the  copper  d- 
bands  and  Ihe  Fermi  level  as  a  function 
of  the  copper  thickness  as  indicated.  The 
incident  photon  energy  is  24  eV. 
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Fig.  3.  Comparison  ol  observed  binding  energies  lor  quantum  well  states  of  the  Cu/Co(00l)  system 
from  the  present  experiment  (o).  an  earlier  photoemission  study  (•)  (ret.  13)  and  the  extrapolation  ot 
ines  modelling  inverse  photoemission  observations  ot  the  same  states  above  the  Fermi  level,  (dashed 
ines)  (ret.  13).  The  copper  thickness  is  given  in  atomic  layers. 


Initially  a  small  ferromagnetic  moment  is  applied  to  every  site  to  move  away  from  the 
trivial  solution  m,<iO.  Charge  neutrality  for  the  system  as  a  whole  is  maintained  throughout 
the  calculation.  Two  center  tight  binding  parameters  are  taken  from  the  compilation  ol 
Papaconstantopoulos(20)  and  values  (or  U  were  taken  from  Local  Spin  Density  calculations  of 
the  susceptibility  and  related  Stoner  parameters.|21|  The  total  density  of  states  was 
calculated  for  each  overlayer  system  by  summing  over  28  k-points  evenly  distributed 
throughout  the  irreducible  surface  Brillouin  zone. 

Applying  this  method  to  the  growth  ol  thin  films,  we  consider  first  a  Ag  film  grown  on 
the  Fe(OOI)  substrate.  The  silver-iron  interaction  parameters  were  taken  as  the  mean  of  the 
silver  and  iron  parameters.  Where  required  the  scaling  scheme  of  Anderson  and  coworkers 
was  used.[22|  The  on-site  energies  were  adjusteo  to  align  the  Fermi  levels  ol  the  two  metals. 
The  lattice  constants  were  taken  as  the  bulk  values  and  lor  the  intertacial  separation  the  mean 
of  the  two  elemental  interlayer  spacings  was  used. 

As  noted  earlier,  the  presence  of  finite  boundary  conditions  in  a  thin  film  will  result  in 
a  quantization  of  the  bands  in  the  direction  perpendicular  to  the  film.  We  illustrate  this  in  fig. 
4  by  examining  the  calculated  eigenvalues  with  eigenvectors  of  predominantly  spi  symmetry 
in  the  region  of  the  Fermi  level  for  silver  slabs  of  different  thicknesses.  As  the  thickness  of 
the  slab  increases  the  eigenvalues,  indicated  by  the  dashed  lines,  will  converge  because  we 
sample  the  sp  band  with  increasing  frequency. 

We  also  show  in  the  same  figure  our  spin  dependent  calculations  of  these  same  states  tor 
1,2  and  3  monolayers  of  silver  placed  on  a  Fe(OOI)  substrate.  The  stales  now  display 
magnetic  character  with  both  minority  and  majority  spin  states  appearing  in  the  calculation. 
A  first  principles  FLAPW  calculation  of  the  monolayer  Ag/Fe(001)  syslem  also  finds  both 
majority  and  minority  spin  interface  stales. [23|  In  agreement  with  the  results  ol  the  same 
calculation  our  model  predicts  that  deposition  of  the  initial  monolayer  reduces  the  surface 
moments  of  the  iron  from  2.94  pB  to  2.5  pB.  With 

subsequent  deposition  of  silver  layers  liie  Fe  surface  moments  show  little  change  in  our 
calculation. 

The  experimental  observations  from  the  spin  polarized  pholoemission  study  of  the 
interface  statesjS]  and  the  results  of  an  Inverse  Photoemission  study[l31  of  the  same  states 
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observed  above  the  Fermi  level  are  also  shown  in  fig.  4.  Examination  of  the  figure  shows  that 
reasonable  agreement  is  obtained  between  both  sets  of  experimental  observations  and  the 
results  of  the  calculation.  In  particular  we  note  the  good  agreement  between  the  calculated 
minority  spin  states  and  the  experimental  observations  in  the  low  coverage  regime.  Both  the 
experiment  and  the  model  suggest  that  the  minority  spin  states  cross  the  Fermi  level  at  a 
coverage  of  between  three  and  four  layers  of  silver. 

The  minority  spin  states  dominate  the  experimental  spectrum  with  only  the  smallest 
indication  of  a  possible  majority  stale  for  the  silver  monolayer  coverage.  An  examination  of 
the  eigenvector;,  in  our  tight-binding  model  suggests  that  the  minority  spin  states  are  more 
localized  in  the  interface  region  than  the  majority  spin  states  which  display  weight  back  into 
the  bulk  of  the  Fe.  This  result  is  not  inconsistent  with  the  idea  discussed  elsewhere  that  the 
presence  of  a  band  gap  at  Ef  in  the  even  symmetry  states  of  minority  spin  character  for  the  Fe 
substrate  should  produce  a  dominance  of  minority  spin  polarization  lor  the  states  in  the 
silver. {13] 

We  now  apply  the  same  method  to  the  Cu/Co(001)  system.  However  now,  rather  than 
plotting  the  layer  dependent  eigenvalues  and  in  order  to  make  a  more  direct  comparison  with 
the  photoemission  spectra  recorded  along  the  surface  normal,  we  show  in  figure  S,  the 
calculated  density  of  states  in  a  narrow  regicn  around  r,  the  Brillouin  Zone  center.  The  layer 
dependent  charge  densities,  corresponding  to  the  different  eigenvalues  are  weighted  by  factors 
reflecting  the  relative  pholoionizalion  cross-sections  for  copper  and  coball|24]  and  for  the 
mean  free  path  of  the  photoemitted  electrons.  For  the  present  calculations  a  representative 
mean  free  path  of  6.5  A  was  used.  The  figure  shows  both  majority  and  minority  spin  "spectra" 
as  a  function  of  copper  thickness.  For  both  spin  components,  peaks  corresponding  to  the  main 
copper  d  bands  are  observed  at  a  binding  energy  of  2.75  eV.  However  the  minority  spin 
spectra  also  show  peaks  moving  up  to  and  through  the  Fermi  level  wi'h  a  frequency 
comparable  to  that  observed  in  the  experiment.  Similar  structure  is  apparent  in  the  majority 
spin  channel  but  at  a  much  reduced  intensity.  Indeed  in  the  experiment  no  clearly  defined 
majority  spin  peaks  are  observed. 


Fig.  4.  Calculated  stales  of  sp  symmetry  lor  silver  slabs  ol  dillerent  thicknesses  (dashed 
lines).  Calculated  minority  spin  stales  (A)  and  majority  spin  stales  (x)  for  silver  layers 
deposited  on  an  Fe(OOI)  substrate.  Experimentally  observed  minority  spin  stales  observed 
in  pholoemission  studies  (■)  (ref.  5)  and  the  same  stales  (o)  observed  above  the  Fermi  level 
in  an  Inverse  Pholoemission  study  (ref.  13) 
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Fig.  S.  Calculated  'pholoemlssion  spectra"  as  a  function  of  copper  thickness  lor  copper  layers 
deposited  on  a  fee  Co  substrate.  The  spectra  on  the  lelt  hand  side  correspond  to  minority  spin 
densities  of  states  and  those  on  the  right  hand  side  to  majority  spin  states.  The  spectra  are 
calculated  tor  two  to  six  monolayers  of  copper  running  from  bottom  to  top  of  each  panel  in 
steps  of  one  monolayer. 


Examination  of  the  eigenvectors  or  charge  densities  associated  with  the  eigenvalues 
calculated  for  the  Cu/Co(00l)  system  reveals  two  important  observations.  First,  the  states 
contain  a  substantial  copper  d-component  as  well  as  sp-component  reflecting  hybridization 
between  the  copper  sp  and  d  bands.  This  hybridization  occurs  throughout  the  Brillouin  zone, 
up  to  and  through  the  Fermi  level.  Secondly  the  minority  spin  states  all  show  a  significant 
interfacial  component  with  a  large  substrate  d-component.  Indeed  because  atomic 
photoionization  cross-sections  were  used  in  the  modeling,  the  spectra  in  fig.  5  essentially 
represent  thickness  dependent  d  band  density  of  stales  for  the  system. 

The  layer  by  layer  charge  densities  of  d  symmetry  for  a  minority  spin  state  calculated 
to  be  at  the  center  of  the  zone  for  six  layers  of  Cu  deposited  on  a  cobait  substrate  are  shown  in 
fig.  6(a).  The  figure  clearly  shows  the  peaking  in  the  interface  and  the  rapid  decay  into  the 
bulk  of  the  Co.  This  localization  in  the  surface  region  reflects  the  presence  of  an  even 
symmetry  band  gap  for  the  substrate  at  this  particular  binding  energy.  For  comparison  we 
show  in  fig.  6(b)  the  same  charge  densities  but  now  for  a  slate  calculated  again  at  the  center  of 
the  zone  for  six  layers  of  copper  sandwiched  between  two  Co  films  ferromagnetically  aligned 
with  respect  to  each  other.  Again  we  observe  the  same  peaking  in  the  interface  with  strong 
localization  in  the  surface  region  of  the  Co  layers.  The  binding  energies  calculated  for  these 
two  states  are  1.19  eV  and  1.17  eV  with  respect  to  the  Fermi  level  respectively. 
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Fig.  6.  Layer  dependent 
charge  densities  with  dz2 
symmetry  for  a  minority 
spin  state  calculated  for  (a) 
six  monolayers  of  coppers 
(layers  5  to  10)  deposited  on  a 
Co(OOl)  substrate  and  (b)  six 
monolayers  of  copper  (layers 
5  to  1 0)  sandwich^  between 
two  ferromagnetic  Co  layers. 


SUMMARY 

Our  spin  polarized  photoemission  studies  of  the  noble  metals  Ag  and  Cu  deposited  on  an 
Fe(OOI)  and  Co(OOI)  substrate  respectively,  show  that  quantum  well  stales  exist  for  both 
systems  and  that  certainly  in  the  latter  case,  they  pass  through  the  Fermi  level  with  a 
periodicity  comparable  to  the  oscillatory  exchange  coupling  observed  lor  the  equivalent 
multilayer  systems.  Our  observation  that  they  are  highly  polarized  and  that  they  also  show  a 
localized  spin  polarization  in  the  interface  region  offers  strong  support  to  idea  that  they 
mediate  the  coupling  between  adjacent  ferromagnetic  layers.  Finally  we  would  comment  that 
our  experiment  clearly  shows  ihe  presence  of  spin  polarized  states  associated  with  the  copper 
crossing  through  the  Fermi  level.  This  observation  suggests  that  the  copper  atoms  will  carry 
a  small  magnetic  moment.  However  the  use  of  angle  resolved  photoemission  will  not  provide 
us  with  sufficient  information  for  a  determination  of  Ihe  magnitude  of  the  moment.  Further 
our  calculation  probably  does  not  have  the  sophistication  required  to  accurately  predict  the 
magnitude  of  a  small  moment. 
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ABSTRACT 

Here  is  repofted  observation  of  magnetic  circular  dichroism  in  both  x-iay  absotption  and  core- 
level  photoemission  of  ultra  thin  magnetic  films  using  ciicularly  polaiized  x-rays.  Iron  nims  (1-4 
ML)  grown  on  a  Cu(001)  substrate  at  ISO  K  and  magnetixed  perpendicular  to  the  surface  show 
dramatic  changes  in  the  Lxi  absorption  branching  ratio  for  different  x-ray  polarixations.  For 
linearly-polarized  x-rays  perpendicular  to  the  magnetic  axis  of  the  sample  the  branching  ratio  was 
0.7S.  For  films  z.  2  ML,  this  ratio  varied  from  0.64  to  0.85  for  photon  qrin  parallel  and  anti¬ 
parallel,  reflectively,  to  the  magnetic  axis.  This  effect  was  observed  either  by  cfaan^g  the  x-ray 
helidty  for  a  fixed  magnetic  axis,  or  by  reversing  the  magnetic  axis  for  a  fixed  x-ray  helicity.  Our 
observation  can  be  analyzed  within  a  simple  one-electron  picture,  if  the  raw  branching  ratios  are 
normalized  so  that  the  linear  value  becomes  statistical  Furthermore,  wanning  the  films  to  -300  K 
efifflinated  this  effect,  intficating  a  loss  of  magnetization  in  the  film  over  a  temperature  range  of 
-30  K.  Finally,  reversing  the  relative  orientau'on  of  the  photon  spin  and  die  magnetic  axis  from 
parallel  to  anti-parallel  allowed  measurement  with  photoemission  of  the  exchange  filitiing  of  the 
Fe  2p  and  3p  core  leveb  which  were  found  to  be  03  eV  and  0.2  eV,  respectively.  These  results 
ate  consistent  with  earlier  studies,  but  the  use  of  off-plane  circularly-polarized  x-rays  from  a 
bending  magnet  monochromator  offers  -2  orders  of  magnitude  greater  intensity  than  typical  spin- 
polarization  measurements.  Finally,  we  have  perfomed  preliminary  x-ray  absorption  studies  of 
UFe2,  demonstrating  the  feasibilty  of  MCD  measurements  in  Sf  as  well  as  3d  materials. 


One  of  the  basic  thrusts  of  the  investigation  of  nanoscale  magnetic  structures,  whether  it 
be  ultradi’n  monolayer  films,  multilayers,  or  clusters,  is  the  establishment  of  structure-property 
relatioiisiiipi.  (For  examples  of  this  in  the  case  of  Fe/Cu(001),  see  references  1-4  and  references 
therein..'  'i  o  x  more  specific,  the  determination  of  the  interconnections  between  geometric, 
electronii,  uid  magnedc  structure  is  the  fundamentally  important  but  intermediate  goal,  with  an 
eye  towards  the  ultimate  manipulation  and  application  of  this  understanding.  Ordinarily,  efforts 
to  measure  nanoscale  magnetic  properties  in  conjunction  with  atomistic  geometric  and  electronic 
structures  tuns  headlong  into  the  same  problem:  The  magnetic  perturbation  tends  to  be  a  small 
component  of  the  overall  effect  In  contrast  to  this,  here  we  report  pant  circular  dichroism  in  the 
near-edge  core-level  x-ray  absorption  of  a  near-monolayer  metal  film.  An  example  of  our  data:*>3 
is  shown  in  Hg.  1.  The  essential  effect  is  the  relative  amplification  of  the  2p^  peak  where  the 
magnetization  and  belici^  are  parallel,  regardless  of  whether  the  magnetization  is  into  or  out  of 
the  surface  plane.  (Because  the  magnetization  and  x-ray  incidence  are  normal  to  the  surface,  we 
call  it  perpendicular  dichroism.)  This  is  a  direct  measurement  of  the  spin  polarization  and  the 
density  of  the  unoccupied  states  near  Ep  in  a  ferromagnetic  system. 
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2MLFe/Cu{001)  NEXAFS 


Energy  (eV) 


Figure  1.  The  near-edge  x-ray  absorption  flne  structure  (NEXAFS)  dichroism  of  2MI-  of  Fe/Cu(001).  These  ate 
plots  of  absotptioo  versus  photon  energy.  The  left  panel  shows  the  effect  of  reversing  the  magnetization  while 
maintaining  the  left-handed  helicity  of  x-rays.  Similarly,  for  the  right  panel  and  right-handed  helicity  x-rays. 
Samples  ate  perpendicularly  magnetized  either  into  (pos.  mag.)  or  out  of  (neg.  mag.)  the  surface.  The  symbol  M.-) 
means  that  helicity  and  magnetization  ate  parallel  (anti-parallel).  The  2p3/2  peak  is  at  the  UIl  edge  and  the  2pl/2 
peak  is  at  the  UI  edge.  The  spectra  were  normalized  to  each  other  by  equating  the  pre-edge  intensity,  at  energies 
below  approximately  700  eV. 

The  temperature  dependence  of  the  perpendicular  magnetization  can  also  be  followed 
with  this  technique.  Figure  2  illustrates  the  behavior  for  4  ML  of  Fe/Cu((X)l).  Here,  we  are 
using  branching  ratio  (BR)  as  a  measure  of  the  dichroism.  BR  is  defined  in  Eq.  (1).  1  is  the 
integrated  intensity  of  the  white  line  peak  at  each  edge  jump. 

BR  =  l(2p„,)/[l(2p,n)  +  l(2p„s)]  (1) 


We  have  developed  a  simple,  one-electron  picture  to  analyze  our  results,  which  can  be 
summarized  into  the  closed  form  analytic  expression  shown  in  Eq.  (2). 

„„  3+2(l-o)P  +  2(l-P)a  2  (P,.KP.) 

BR - -  - - -  W 

Previously^,  we  expressed  this  equation  in  terms  of  a  nd  p.  a  is  the  spin  down  alignment 
of  the  unoccupied  3d  states  and  ^  is  the  degree  of  right  circular  polarization.  We  have  now 
derived  a  more  compact  form,  using  the  classical  definitions  of  polarization.  See  Table  I  for 
details. 


To  use  a  one-electron  picture,  it  is  necessary  to  "normalize-out"  the  non-stadsdcal  (e.g., 
many-body  effects).  To  do  this  we  multiply  all  BR  values  by  2/3/SRExp(lin).  This  allows  us  to 
concentrate  upon  the  effects  of  helicity  variation.  The  results  of  our  analysis,  assuming  2)iB/Fe 
atom  (a  =  25%  and  75%)  is  shown  in  Table  n. 
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Branching  Ratio  vs.  Temperature 


Temperature  (K) 


Figure  2,  Tbe  lemperaiure  dependence  of  ihe  magnetizatioA  <tf  4  ML  Fe/Cu(001)  using  NEXAFS  magnetic  ciicular 
dkhroism  as  the  (vobe.  Because  of  the  imperfect  ptacemeiu  the  thermocouple  on  the  sample  plate,  the  sample 
temperature  may  be  slightly  higher  than  that  shown.  Error  bars  approximately  i  1%  are  included  for  comparison 
but  the  true  time  error  estimate  is  probably  higher  (about  4%).  A  branching  ratio  near  0.72  corresponds  to  an 
umnagnemed  sample. 


Empty  Valence  States 

Purt  Down _ Pure  Up _ Random 


a*— Jiaaa - 

NukocC  ■*"  ^uwooc 

1.0 

0.0 

0.5 

p  -  ^wocc  r^woa:  ^  2a  1 

^UHOCC  ^WOCC 

I.O 

-1.0 

0.0 

Pure  Right  Circular 

Pholon  Htlicity 

Pure  Left  Circular 

Linear 

p=-L 

I.+lu 

1.0 

0.0 

0.5 

P^=ia^  =  2p-i 

‘a  ‘l 

1.0 

-1.0 

0.0 

Table  I:  Nunqcc  is  tiic  number  of  empty  d  valence  states.  The  symbols  T  and  i  denote  spin 
up  and  down,  respectively,  a  is  the  spin  alignment  of  the  d  valence  states.  Pg  is  the  polarization 
of  the  d  valence  states.  P  is  the  degree  of  right  circular  helicity  of  the  x-rays.  Phv  is  the  circular 
polarization  of  the  x-rays.  Ir(Il)  is  the  intensity  of  the  right  (left)  circularly-polarized 
component  of  the  x-ray  beam. 


622 


Table  O. 


P  versus  M _  BRexP _ BR'exP  BRth 


+ 

0.645 

0.585 

0.60 

- 

0.83 

0.75 

0.73 

lin 

0.74 

0.67 

0.67 

p 

3  polaruatton 

M 

3  nugnetuaiiCM  direciioo 

P  vs  M:  relative  direcUoits  of  helkiiy  and  magnetization 
+  =  parallel 

3  and-paiallel 
BR  =  branching  ratio 

BRexP  =  taw  ezperimenial  results 

BR'EXP  experimental  results,  normalized  to  the  linear  statistical  prediction 

BRth  =  atomic  theory  prediction,  2pB/Fe  atom,  a  =  25%,  75%  and  ^  =  10%.  90%  pol. 

We  have  also  used  MCD  with  core-level  photoemission  to  measure  the  exchange 
splitting  of  the  2p3/2  and  2pl/2  peaks  of  4ML  of  Fe/Cu(001)^  as  well  as  the  Fe3p  peak  of  2  ML 
of  Fe/Cu(001).  TTie  spectra  are  shown  in  Figures  3  and  4.  The  exchange  splitting  of  2p3/2  peak 
is  0.22  ±  0.10  eV.  The  apparent  change  in  the  spin-oif)it  splitting  between  the  two  peaks  is  0.33 
±  0.14  eV.  The  exchange  splitting  of  the  Fe3p  is  approximately  0.2  eV.  There  are  less  than 
those  observed  in  the  bulk  (see  Reference  6  and  references  therein).  It  should  be  noted  that  these 
measurements  are  complicated  by  broadening  of  the  individual  components  which  compose  the 
internal  structure  of  each  observed  peak.  All  measurements  were  made  in  remanence  and  with 
perpendicular  magnetization. 


4  ML  Fe/Cu(001)  Fe2p 


Binding  Energy  <eV) 


Figure  3  Fe  2p  spectra  taken  with  hv  =  900  eV  and  positive  photon  belicity.  The  solid  lines  are  for  parallel 
orientation  of  photon  spin  and  sample  magnetization  and  the  broken  lines  for  an  anti-parallel  orientation.  The  two 
orkntaiions  were  achieved  by  fixing  the  photon  beliciiy  and  reversing  the  magnetization  of  the  sample.  The  ^tectra 
are  as  collected  and  show  the  differences  in  binding  energy  for  the  2p3/2  and  2pl/2  levels  for  Uie  two  helicity  and 
magnetization  orientations. 
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Bicxling  Energy  (eV) 


Figure  4  Magnetic  circular  dichroian  in  pholoemiaaioo  of  the  fcc-Fe  3p  core  level.  The  bottom  panel  shows  the 
alignment  of  the  Fermi  edge,  which  allows  for  a  direct  comparison  of  the  3p  binding  energies  in  the  top  panel.  The 
sample  was  2  ML  Fe/Cu(001),  with  perpendicular  magnetizaiion. 


X-ray  abnorpHon  of  UFaa 


Photon  anargy  (aV) 


Figure  5  The  near-edge  x-ray  absorption  fine  structure  (NEXAF5)  spectnim  of  UFez,  taken  with  linearly-polarized 
x-rays,  is  shown  here.  Note  the  strong  transitions  for  both  the  Fe2p  and  U4d  states. 

Recently  we  began  a  series  of  experiments  using  near-edge-x-ray-absorption-fine 
structure  (NEJC\FS)  looking  for  magnetic-circular-dichroism  (MCD)  in  the  magnetic  actinide 
materials  UFe2  and  U-S.  These  and  our  previous  experiments  were  performed  at  SSRL  using 
the  University  of  Califomia/National  Lavatories  PRT  beamline  8-2^.  This  SGM  beamline 
permits  us  to  access  the  2p  — >  3d  transition  of  Fe  =  707, 720  eV)  and  the  4d  — >  5f  transition 
of  U  (B^  =  736, 778  eV).  Absorption  experiments  with  circularly-polarized  x-rays  should  allow 
direct,  elementally-specific  interrogation  of  the  magnetic  and  related  electronic  structure  of  these 
materials,  in  analogy  with  the  results  from  magnetic  x-ray  scattering^.  Our  initial  experiments 
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Utilized  NEXAFS  ,  but  in  the  future  they  will  also  be  expanded  to  include  core-level 
photoemission  as  well.We  expect  that  the  orders-of-magnitude  improvement  in  brighmess  at  the 
ALS  will  open  the  door  for  an  unprecedented  opportunity  for  both  basic  science  using  5f 
elements,  as  well  as  improving  the  overall  understanding  of  the  physical  and  chemical  properties 
of  uranium  compound  materials. 

We  have  performed  magnetic  circular  dichroism  (MCD)  experiments  upon  Fe/Cu(001), 
using  both  core-level  photoemission  and  near-edge  absorption  fine  stn.;  ture.  A  simple,  one 
electron  picture  worked  well  to  explain  normalized  branching  ratio  mea' '  rements.  We  plan  to 
continue  and  expand  this  work,  including  pursuing  the  measuremcr!  of  MCD  effects  in  5f 
systems. 

Acknowledgments 

Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract  So.  W-7405-ENG-48.  D.P.  Pappas  was 
supported  by  IBM  Almaden  when  this  experimental  work  was  done.  These  measurements  were 
made  on  Beamlinc  8-2  at  the  Stanford  Synchrotron  Radiation  Laboratory.  Beamline  8-2  is  part 
of  the  UC/National  Laboratories  Participating  Research  Team  (PRT)  facilities^.  The  authors 
wish  to  thank  Ms.  Karen  Clark  for  clerical  support  of  this  work. 

References 

1.  S.A.  Chambers,  T.J.  Wagener,  and  J.H.  Weaver,  Phys.  Rev.  B.,  26.  8992  (1987) 

2.  C.  Liu,  R.  Moog,  and  S.D,  Bader,  Phys.  Rev.  Lett.  6Q.  2422  (1988). 

3.  D.P.  Pappas,  K.P.  Kamper,  and  H.  Hopster,  Phys.  Rev.  Lett.  M.  3179  (1990). 

4.  J.G.  Tobin,  G.D.  Waddill,  and  D.P.  Pappas.  Phys.  Rev.  Lett.,  ^  3642  (1992)  and 
references  therein. 

5.  G.D.  Waddill,  J.G.  Tobin,  and  D.P.  Pappas,  S.  Appl.  Phys.,  In  press,  1993. 

6.  G.D.  Waddill.  J.G.  Tobin,  and  D.P.  Pappas.  Phys.  Rev.  B,  46.  552  (1992). 

7.  L.J.  Terminello,  G.D.  Waddill,  and  J.G.  Tobin,  Nucl.  Instrum.  Meth.  A319.  271  (1992); 
J.G.  Tobin.  G.D.  Waddill,  Hua  Li,  and  S.Y.  Tong,  MRS  Symp.  Ptoc.  (1993),  in  press;  K.G. 
Tirsell,  and  V.P.  Karpenko,  Nucl.  Instrum.  Meth.,  A 291.  5 1 1  (1990). 

8.  D.B.  McWhan,  C.  Vettier,  E.D.  Isaacs,  G.E.  Ice.  D.P.  Siddons,  J.B.  Hastings,  C.  Peten,  and 
D.  Vogt,  Phys.  Rev.  B  42, 6007  (1990). 


625 


EVIDENCE  FOR  SPIN  POLARIZATION  OF  METALLIC  COPPER 
IN  Co/Cu  AND  Fe/Cu  MULTILAYERS 

S  PIZZINI*.  C,  GIORGETTI*.  A.  FONTAINE*.  E.  DARTYGE*.  G  KRILL*, 

LF,  BOBO**.  M.  PIECUCH* 

*LLIRE.  CNRS,  CEA.  MESR  Bat.  209D.  Universite  Paris-Sud.  91405  Orsay,  France 
**Laboratoire  CNRS  Pont-a-Mousson  Saint  Gobain,  Pont-a-Mousson,  France 


ABSTRACT 

Magnetic  circular  x-ray  dichroism  measurements  on  Co/Cu  and  Fe/Cu  multilayers  at  the  K 
edge  of  copper  show  that  the  4p  -states  of  copper  are  significantly  spin-polarized  by  the 
adjacent  magnetic  layers.  In  relation  to  the  phase  opposition  of  the  copper  thickness- 
dependent  magnetoresistance  of  Co/Cu  and  Fe/Cu  multilayers  it  is  of  prime  importance  to 
notice  that  the  polarization  of  the  conduction  electrons  of  copper  follows  specifically  the 
polarization  of  the  conduction  electrons  of  the  adjacent  magnetic  element. 


INTRODUCTION 

Fe/Cu  and  Co/Cu  multilayers  are  extensively  studied  because  of  the  oscillatory  dependence 
(AF-FM-AF)  of  the  magnetic  coupling  between  magnetic  layers  as  a  function  of  the  thickness 
of  the  copper  spacer  [L21.  The  period  of  the  oscillations  (1 2A)  is  roughly  the  same  in  ihe  two 
systems  but  the  phases  are  opposite.  The  magnetoresistance  corresponding  to  the  first  AF  peak 
is  much  larger  for  Co/Cu  than  for  Fe/Cu  multilayers  (78%  vs.  12%)  (2). 

The  interpretation  of  the  oscillatory  coupling  in  terms  of  RKKY  oscillations  equivalent  to 
those  found  in  rare-earths  materials,  fails  to  predict  the  tight  periods  (■=2A  for  most  transition 
metals).  A  variety  of  more  complex  models,  which  in  addition  take  into  account  the  properties 
of  the  Fermi  suiTace  of  the  spacer,  are  able  to  predict  at  least  the  periods  of  the  coupling 
oscillations  [3,6].  In  particular,  the  treatment  by  Edwards  (4j  which  deals  with  the  confinement 
of  d  electrons  in  the  spacer  layer  by  the  exchange  potential,  leads  to  size-quantization  of 
electron  energies.  Using  the  analogy  with  the  de  Haas-van  Alphen  effect  the  authors  explain 
the  periodic  oscillations  and  the  temperature  dependence  of  the  exchange  coupling. 

To  explain  the  oscillatory  magnetic  coupling  and  their  phase  difference  in  Fe/Cu  and  Co/Cu 
multilayers,  an  analog  model,  but  based  on  the  confinement  of  the  conduction  electron,  has 
been  recently  developed  by  Ortega  and  Himpsel  [7].  Again  for  spacer's  thicknesses 
corresponding  to  resonant  conditions,  each  spacer  acts  as  a  "quantum  well"  for  only  one  of  the 
spin  components  of  the  conduction  (sp  )  electrons  of  the  spacer,  leading  to  a  thickness- 
dependent  o.scillation.s  of  the  density  of  states  close  to  the  Fermi  level.  The  results  of  inverse 
photoemission  show  that  layers  thicknesses  giving  maxima  of  the  density  of  states  correspond 
to  the  maxima  of  the  AF  coupling  between  the  magnetic  layers. 

It  is  now  clear  that  the  conduction  electrons  of  the  spacer  metal  (Cu)  have  an  essential  role 
in  the  transport  of  the  magnetic  polarization  across  the  ferromagnetic  layers.  This  paper 
presents  a  direct  experimental  proof  of  the  essential  role  of  the  spin-polarization  of  the 
conduction  electrons  for  the  magnetic  coupling  in  Co/Cu  and  Fe/Cu  multilayers. 

To  experimentally  demonstrate  the  presence  of  spin  polarization  of  the  p-bands  of  copper  we 
have  performed  magnetic  circular  x-ray  dichroism  (MCXD)  measurements  at  the  Cu  K  edge. 

MCXD  is  the  difference  between  the  absorption  of  right  (p-t-)and  left  (|l-)  circularly 
polarized  photons  of  a  ferro  (ferri)  magnetic  material.  In  a  model  simplified  to  a  one-electron 
picture,  MCXD  can  be  viewed  as  the  result  of  the  emission  of  a  spin-polarized  and  angular- 
moment  polarized  pholoelcctron  into  an  outer  shell,  acting  as  a  spin  or  angular-niomcni 
resolving  detector  [8J.  If  no  angular  moment  is  involved,  the  MCXD  signal,  defined  as  pc  = 
(p-i-  -  ^l■)/  (p+  +  P-) ,  can  be  expressed  by; 
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jic  =  Pe  Pc  Ap/p 

where  Pe  is  the  spin-polarization  of  the  photoelectron.  Pc  is  the  rate  of  circular  polarization 
of  the  incident  x-ray  beam, 

Ap  =  pT  -  p-l  and  p  =  pT  +  pi  , 

This  picture  is  rather  misleading  since  the  MCXD  signal  requires  the  presence  not  only  of 
exchange  splitting  in  the  valence  band,  but  also  of  spin-orbit  interaction  either  in  the  excited 
core  level  or  of  the  host  band  of  the  photoelectron,  both  in  the  final  state.  The  absence  of  spin- 
orbit  interaction  in  the  Ir  core  level  leads  to  a  smaller  spin-polarization  and  therefore  much 
smaller  MCXD  signals  for  K-edge  absorption,  compared  with  L  and  M  edges.  However  K- 
edge  absorption  spectroscopy  presents  the  following  advantages:  (i)  it  probes  directly  the 
conduction  electrons  which  are  expected  to  mediate  the  magnetic  interactions  in  Co/Cu 
multilayers  and  (ii)  it  avoids  the  limitation  brought  by  soft  x-rays  whose  sensitivity  is  restricted 
to  a  few  layers  close  to  the  surface. 

The  amplitude  of  K-edge  MCXD  signals  is  not.  in  general,  proportional  to  the  magnetic 
moment  of  the  ferromagnetic  sample  [91.  This  is  the  case  of  Fe,  Co  and  Ni.  In  the  case  of  Co 
however.  Stabler  el  al.  have  shown  that  the  MCXD  signal  is  correlated  to  the  p  moment. 
Theoretical  evaluations  by  Schwartz  era/.  (I0|  have  shown  that  p  and  d  moments  have 
opposite  signs  for  Fe  and  Co  and  estimated  the  p  component  to  be  of  the  order  of  O.OSpg- 

The  information  obtained  from  MCXD  measurements  benefits  from  the  double  selectivity  of 
x-ray  absorption  spectroscopy:  (i)  thanks  to  the  atom  selectivity,  the  signal  can  be  probed 
independently  for  each  chemical  species  in  the  sample  (ii)  the  electric  dipole  selection  rules 
determine  the  symmetry  of  the  final  state.  Measurements  at  both  the  K  and  L2,3  edges  allow 
Che  spin-polarization  of  p-like  electrons  (sp  bands)  and  d-like  electrons  to  be  obtained 
independently. 

In  the  following  we  will  show  the  results  of  K-edge  MCXD  measurements  on  a  series  of 
sputtered  Co/Cu  multilayers  [11],  These  will  be  discussed  along  with  the  results  obtained  for 
L2,3  edge  MCXD  measurements  which  will  be  presented  in  a  future  paper  [12]. 


EXPERIMENTAL  METHODS  AND  RESULTS 

The  Co/Cu  and  Fe/Cu  multilayers  were  prepared  by  magnetron  sputtering.  Co9ACu^, 
C010ACU9A  ,  CoioACui3A,  Coi2ACugA  andFei2ACu8A  multilayers  (total  thickness  700A) 
were  prepared  starting  from  a  SOA  Fe  buffer  deposited  on  a  7pm  thick  kapton  substrate.The 
samples  are  polycrystalline  and  untextured  and  have  good  interface  quality  [13].  The 
crystallographic  structure  of  the  multilayers  is  fee  for  Co/Cu  and  bcc  for  Fe/Cu.  All  the 
samples  present  oscillatory  coupling  and  lurge  iiiagiiciuie.,istaiu.c.  T).c  magnetoresistance  of 
the  kapton-deposited  samples  is  smaller  than  that  of  the  Si-deposited  samples  (6%  vs  45%  for 
the  sample  with  nominal  composition  50A  Fe  -  (CoyACugAhs  -  12A  Cu). 

K-edge  MCXD  measurements  were  carried  out  at  LURE-DCI  synchrotron  radiation  source, 
at  the  energy  dispersive  x-ray  absorption  beam-line.  Right  circularly  polarized  light  was 
selected  by  using  a  slit  positioned  at  about  0.3  radians  below  the  orbit^  plane  of  the  storage 
ring.  The  multilayer  samples  were  positioned  in  grazing  geometry  (10°)  with  respect  to  the 
propagation  direction  of  the  x-rays.  X-ray  absorption  spectra  were  measured  in  an  applied 
magnetic  field  of  0.3  T,  whose  direction  was  alternatively  switched  from  parallel  to  anti¬ 
parallel  to  that  of  the  x-ray  beam.  The  details  of  the  experimental  methods  are  described 
elsewhere  [14].  Spectra  with  good  statistics  at  the  Cu  K-edge  (S/N  =105  )  were  obtained  with 
acquisition  times  of  about  8  hours.  The  S/N  ratio  for  the  MCXD  data  is  of  the  order  of  10  since 
the  difference  ()i-t-  -  4-)  is  as  small  as  10^. 

The  Cu  K-edge  MCXD  spectra  measured  for  a  series  of  Co/Cu  multilayers  is  presented  in 
Fig.  1 .  The  spectra  are  normalized  to  an  absorption  edge  step  equal  to  1 . 


The  MCXD  signal  is  present  as  a  negative  peak  in  the  vicinity  of  the  Cu  K  edge  absorption 
edge  (the  zero  energy  in  the  figure  corresponds  to  the  first  maximum  of  the  derivative  the 


rising  edge  of  copper).  To  confirm  that  the  signal  is  not  a  result  of  artefacts  or  spurious 
signals,  we  have  shown  that  the  spectrum  of  pure  copper  metal,  measured  in  the  same 
experimental  conditions,  does  not  show  any  MCXD  signaJ.  As  expected,  no  signal  is  obtained 
when  the  same  spectrum  is  measured  without  inversion  of  the  magnetic  field. 

The  Cu  K  edge  MCXD  spectrum  of  the  Co|iaCu*^  multilayer,  which  was  measured  with  a 
better  statistics  than  the  spectra  shown  in  Fig.  1  (about  I2hrs  of  acquisition  time  and  a  thicker 
sample),  is  presented  in  Fig.  2  where  it  is  compared  with  the  Co  K  edge  measured  for  the  same 
sample.  The  Co  K  edge  spectrum  is  typical  of  close-packed  bulk  cobalt  even  if  some  details, 
and  in  particular  the  presence  of  a  positive  peak  before  the  main  negative  peak,  would  have  to 
be  confirmed  with  higher  quality  data.  The  Cu  K  and  Fe-K  edge  MCXD  spectra  of  the 
F®12ACugA  multilayer  are  shown  in  Fig.  3. 


Cu  bulk 
Cu8ACo9A 


■^0  *20  0  20  40 


E  -  E„  (eV) 

Figure  1:  Cu  K-edge  MCXD  signal  for  a  series  of  sputtered  Co/Cu  multilayers.  These  are 
compared  with  the  spectrum  obtained  for  Cu  metal  and  the  spectrum  measured  for  the 
CoqACugA  multilayer  without  inverting  the  magnetic  field,  for  which  the  MCXD  signal  is 
zero. 


DISCUSSION 

The  presence  of  a  .MCXD  at  the  K-edge  and  at  L^j-edges  of  copper  in  the  Co/Cu 
multilayers  is  the  indication  of  spin-polarization  respectively  of  p-  and  (/-like  states  in  copper. 

Figure  1  shows  that  the  amplitude  of  the  Cu  K-edge  MCXD  signal  is  thickness  dependent 
and  decrea.ses  as  the  copper  thickness  increases.  This  behaviour  suggests  that  the  signal  mainly 
derives  from  copper  atoms  close  to  the  interface,  i.e.  in  the  vicinity  of  cobalt  atoms. 


Figure  2  shows  the  comparison  between  Co  K-edge  and  Cu  K-edge  data  in  the  Col2.'\Cu8A 
multilayer.  The  Co  K-edge  spectrum  is  .similar  to  that  typical  of  cobalt  metal,  both  in  shape 
and  in  amplitude.  This  shows  that  the  cobalt  layer  is  fully  polarized  and  that  the  coupling 
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Isetwecn  layers  is  ferromagnetic.  The  Cu  K-edge  MCXD  spectrum  is  naiiower  than  the  Co  K- 
edge  and  exhibits  a  small  positive  contribution  before  the  main  negative  peak 
The  physical  nature  of  this  positive  structure  is  still  the  subject  of  speculati  rn.  Our  study  of 
Co-Fe  alloys  [IS]  and  the  results  of  Refs.  9  and  16  for  Fe-Ni  alloys  indicate  that  the 
appearence  of  a  positive  peak  in  K-edge  MCXD  spectra  corresponds  to  the  transition  from  a 
strong  to  a  weak  ferromagnet  i.e.  to  the  availability  of  holes  m  majority  spin  bands.  Theoretical 
explanations  [17]  invoke  the  presence  of  p-d  hybridization  to  explain  the  difference  between 
the  K-edge  MCXD  spectrum  of  iron,  which  presents  a  positive  and  a  negative  peak,  and  the 
spectra  of  cobalt  and  nickel,  which  only  show  a  negative  peak. 


E-Eo(eV) 


Figure  2:  Cu  K-edge  and  Co-K  edge  MCXD  spectra  of  the  Coj2j\Cug^  multilayer.  The 
Cu  K  edge  signal  has  been  multiplied  by  3. 


The  maximum  and  integrated  amplitudes  of  the  main  negative  peak  of  the  Cu  K-edge 
MCXD  spectrum  are  respectively  1/3  and  1/5  of  those  of  the  Co  K-edge.  If  we  admit  that  the 
amplitude  of  the  MCXD  signal  is  proportional  to  the  p-like  magnetic  moment  on  the  probed 
atomic  species,  as  Staher  et  al.  have  demonstrated  in  the  case  of  cobalt,  we  could  then 
conclude  that  the  p-like  moment  on  copper,  averaged  over  the  copper  thickness  (4ML),  is 
about  one  fifth  of  the  p-moment  on  cobalt.  The  sign  of  the  copper  K  edge  signal,  which  is  the 
same  as  in  cobalt,  indicates  that  the  p-moments  on  copper  and  cobalt  are  aligned.  If  we  assume 
that  only  the  copper  layer  in  contact  with  cobalt  is  spin-oolarized,  the  relevant  p-moment  of 
this  copper  interface  layer  amounts  to  -40%  of  that  of  cobalt  (  ~-0.02pB). 

The  results  of  the  L2.3  edges  of  Co  and  Cu  on  a  similar  multilayer  can  be  summarized  as 
follows  [12]: 

(i)  holes  are  present  in  the  d-band  of  copper. 

(ii)  the  copper  L2.3  MCXD  signals  are  weak  with  respect  to  cobalt.  According  to  the  sum 
rules  proposed  by  Carra  el  al.  [18]  the  orbital  contribution  of  the  Cu  c/-band  is  almost  zero. 
This  is  consistent  w  ith  the  branching  ratio  of  the  total  absorption  cross  section  which  is  close 
to  2. 

(iii)  the  quantitative  interpretation  of  the  individual  L2  and  L3  MCXD  signals  in  terms  of  d 
moments  is  still  rather  unsure.  A  possible  estimation,  which  unfortunalely  relies  on  an 
estimation  of  the  number  of  copper  </-holes,  could  be  obtained  by  comparison  with  the  Co 
L2, 3-edge  data.  This  will  be  the  subject  of  a  forthcoming  paper  [12]. 

(iv)  the  signs  of  the  Co  and  Cu  L2..3  MCXD  signals  are  consistent  with  a  parallel  alignement 
of  d-moments  in  Cu  and  Co. 

In  conclusion,  the  spin-polarization  of  the  a-band  of  copper  appears  to  be  extremely  small 
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compared  with  that  of  cobalt.  On  the  other  hand  the  spin-poiarization  of  each  of  the  two  p- 
bands  appears  to  of  the  same  order  of  magnitude. 

Whether  the  net  moment  of  copper  will  be  dominated  by  the  contribution  of  the  conduction 
electrons  (4p  and  4s)  or  by  the  3d  contribution  is  still  an  open  question  which  requires  a 
refined  analysis  and  theoretical  suppon.  Since  the  p-moment  is  relatively  strong  and  the  d- 
moment  is  weak  and  of  opposite  direction,  the  net  polarization  is  left  very  weak. 

The  presence  of  a  positive  pre-peak  in  the  K  edge  MCXD  of  copper  is  consistent  with  a 
weak  polarization  of  the  almost  full  d-band  of  copper  containing  d  holes  with  both  spin 
polarizations.  The  small  relative  size  of  the  positive  peak  indicates  that  fewer  holes  are  present 
in  the  majority  band.  The  polarization  of  the  conduction  electrons  of  the  Cu  layer  is  due  to  the 
adjacent  layer  since  the  polarization  of  the  Cu  3d  bands  is  very  small. 


E  -  Eo  (eV) 

Figure  3;  Cu  K-edge  and  Fe-K  edge  MCXD  spectra  of  the  Fe  i  2ACu8A  multilayer.  The  Cu 
K  edge  signal  has  been  multiplied  by  3. 


When  copper  is  sandwiched  between  iron  layers  in  the  FelzACuSA  multilayer  (Fig.  3)  the 
shape  of  the  Cu  K  edge  MCXD  spectrum  is  very  similar  to  that  of  Fe  and  its  amplitude  is  three 
times  smaller.  The  reduction  of  the  width  of  the  negative  peak  is  analoguous  to  that  observed 
for  the  CooACuSA  multilayer. 

In  the  CoI2ACu8A  multilayer  the  maximum  amplitude  is  reduced  by  three  and,  due  to  the 
narrowing  of  the  signal,  the  total  area  is  five  times  smaller  than  the  Co  K  data.  In  the 
Fel2ACu8A  multilayer  the  integrated  positive  area  of  the  Cu  MCXD  signal  dominates  the 
integrated  negative  area.  In  line  with  the  present  understanding  of  the  K-edge,  this  indicates 
that  copper  layers  are  weak  ferromagnetic  with  a  significant  /j-polarization.  By  comparison 
with  Fe  and  Co  K-edge  MCXD  signals,  one  can  see  that  in  Co/Cu  and  Fe/Cu  multilayers  the 
p-bands  of  copper  have  spin  polarization  of  opposite  character. 

The  dependence  of  the  Cu-MCXD  signal  on  the  crystallographic  structure  (bcc/fcc)  cannot 
be  at  the  origin  of  this  behaviour.  The  weak  ferromagnetic  behaviour  is  not  systemadcally 
related  to  the  bcc  structure,  as  seen  in  fee  Fe-Ni  alloys  where  the  Fe-K  edge  MCXD  signal  still 
exhibits  the  characteristic  structure  with  a  positive  and  a  negative  peak  [16]. 

The  dependence  of  the  spin-polarization  of  copper  on  the  nature  of  the  ferromagnetic  atom 
may  be  useful  to  help  the  understanding  of  the  phase  difference  in  the  magnetic  oscillations  of 
Co/Cu  and  Fe/Cu  multilayers.  Within  the  model  developed  by  Ortega  and  Himpscl  [71  the 
phase  of  the  magnetic  oscillations  is  determined  exclusively  by  the  nature  of  the  magnetic 
material. 
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ABSTRACT 

We  have  imaged  the  magnetic  domain  structure  on  the  surface  of  Fe(  100)  single  crystals 
using  energy  resolved  photoemission  micro.scopy  with  circularly  polarized  soft  x-rays.  The 
conliast  between  different  domains  ari.ses  due  to  magneto-dichroic  effects  in  the  emitted  Auger 
electrons.  This  new  approach  offers  a  surface  sensitive  way  to  combine  chemical  and  magnetic 
information  on  a  microscopic  scale. 


INTRODUCTION 

Within  the  last  decades  photoelectron  spectroscopy  has  matured  into  a  powerful  tool  in  sur¬ 
face  science.  Even  the  photoeicctron  spin  has  been  successfully  made  accessible  to  experimental 
investigations  on  both  non-magnetic  and  ferromagnetic  materials  [1].  Spin-split  electronic  states 
in  ferromagnets  may  be  studied  in  great  detail  either  by  an  explicit  analysis  of  the  photoeleclron 
spin  (2J,  or  by  means  of  the  recently  reported  magnetic  circular  dichroism  in  photoemission 
(MCDAD)  [3].  Both  approaches  add  magnetic  sensitivity  to  conventional  photoelectron  spec¬ 
troscopy.  The  present  photoemission  experiments  are  usually  hampered  by  sampling  a  rather 
large  surface  tirea  (-mm2),  determined  by  the  size  of  the  illuminated  spot  and  the  characteris¬ 
tics  of  the  electron  optics.  The  investigation  of  electronic  and  magnetic  microstructures,  how¬ 
ever,  requires  lateral  resolution  capabilities.  The  combination  of  lateral  resolution  and  magnetic 
sensitivity  in  photoemission  techniques  can  be  used  in  two  ways;  magnetic  sensitive  spec¬ 
troscopy  on  well-defined  areas  on  the  surface  (micro-spectroscopy),  and  imaging  of  magnetic 
domains  with  electrons  of  a  selected  kinetic  energy  (spectro-micro-scopy). 


EXPERIMENTAL  DETAILS 

Our  experimental  approach  to  the  problem  employed  a  so-called  ESCASCOPE,  which  has 
been  described  in  detail  by  Coxon  et  al.  [4].  Briefly,  the  set-up  features  a  hemispherical  energy 
analyzer  (HMA)  in  combination  with  an  electrostatic  input  lens  system.  The  instrument  can  be 
operated  either  in  a  spectroscopic  mode  as  a  conventional  electron  spectrometer,  or  in  an  imaging 
mode.  The  latter  allows  the  acquisition  of  photoelectron  images  with  a  spatial  resolution 
Ad<10(im,  using  electrons  of  a  well  defined  kinetic  energy.  Our  experiments  were  performed  in  a 
UHV  system  (base  pressure  lxlO-">  mbar)  at  the  German  storage  ring  BESSY,  using  elliptically 

Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  313.  <  1993  Malahala  Rataarch  Socialy 


632 


hemispherical 


polarized  off-plane  radiation  dispersed  by  the  SX-700-3  monochromator  (5].  The  light  was  inci¬ 
dent  at  65°  with  respect  to  the  surface  normal  of  the  specimen.  The  photoemitted  electrons  were 
collected  perpendicular  to  the  photon  beam  within  the  plane  of  incidence.  The  experiments  were 
performed  on  several  Fe(IOO)  whiskers  and  an  Fe(IOO)  single  crystal.  The  latter  was  mounted 
onto  a  soft  iron  yoke  equipped  with  a  wire  coil,  which  allowed  us  to  bring  the  crystal  into  a  de¬ 
fined  state  of  magnetization. 


MAGNETIC  CIRCULAR  DICHROISM  IN  AUGER  ELECTRON  EMISSION 


In  order  to  introduce  magnetic  sensitivity  into  the  imaging  process,  we  exploited  the  effect  of 
x-ray  magnetic  circular  dichroism  in  the  emitted  photoelectrons  (MCDAD).  In  MCDAD,  mag¬ 
netic  samples  exhibit  a  diflerence  in  the  intensity  spectra  recorded  with  circularly  polarized  light 
of  opposite  helicities.  The  specific  form  and  structure  of  the  energy  distribution  curve  depends  on 
the  relative  orientation  of  the  sample  magnetization  M  with  respect  to  the  direction  of  the  inci¬ 
dent  light  (or  equivalently,  the  photon  spin  a)  and  the  wavevector  of  the  emitted  photoelectrons 
[6].  The  dichroic  signal  is  calculated  from  intensity  spectra  1(E)  taken  at  opposite  M  or  q  as  the 
so-called  intensity  asymmetry  A 
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Domains  with  different  orientation  relative  to  the  incoming  photon  beam  will  thus  give  rise  to  a 


[5<] 


Fig.  2:  Magnetic  circular  dichroisu.i  in  the  Fe  L3M23V  Auger  electrons  as  a  function 
of  photon  energy.  Constant  final  state  spectra  (upper  panels)  as  taken  with  circularly 
polarized  light  for  opposite  sample  magnetizations  (M=-l)  and  (M=+l).  The  Intensity 
asymmetry  (lower  panels)  is  calculated  according  to  eq.  ( 1 ). 

spatial  variation  of  the  energy  resolved  photocurrent.  This  contrast  may  be  optimized  by  tuning 
the  energy  filter  to  the  maximum  value  of  A.  Maximum  experimental  asymmetries  for  photo¬ 
emission  from  the  Fe  2p  levels  range  from  2%  to  10%,  depending  on  the  geometry  (7).  A  further 
important  finding  is  that  magneto-dichroic  effects  are  not  limited  to  the  direct  photoelectrons,  but 
also  appear  in  true  secondaries  such  as  Auger  electrons.  This  is  demonstrated  in  Fig.  2,  display¬ 
ing  the  intensity  of  the  L3M23V  Auger  transition  in  Fe  as  a  function  of  photon  energy.  The 
ESCASCOPE  was  operated  in  the  spectroscopy  mode  and  tuned  to  an  electron  energy  of  648eV 
with  a  bandwidth  AE=2eV.  The  two  peaks  at  708  (A)  and  720  eV  photon  energy  (B)  correspond 
to  the  photoexcitation  thresholds  of  the  2p3/2  and  2pi/2  core  levels,  respectively.  Magnetic  circu¬ 
lar  dichroism  causes  the  peak  height  of  the  spectral  features  to  depend  strongly  on  the  direction 
of  the  Fe  crystal's  remanent  magnetization  M  with  respect  to  the  photon  spin  Q.  For  negative  he- 
licity  (Fig.  2a),  M=-l  (shaded  curve)  corresponds  to  a  magnetization  direction  with  a  large  com¬ 
ponent  antiparallel  to  2.  whereas  M=1  (solid  curve)  has  a  large  component  along  2-  The  intensity 
differences  give  rise  to  pronounced  features  in  the  asymmetry  function  (Fig.  2,  lower  panels). 
The  dichroic  signal  A(E)  has  approximately  the  same  size,  but  an  opposite  sign  for  the  excitation 
with  708  and  720  eV  photons,  yielding  a  peak-to-peak  asymmetry  of  -20%.  Switching  the  helic- 
ity  of  the  light  leads  to  a  sign  reversal  in  the  asymmetry  function  (Fig.  2b).  A  qualitatively  simi¬ 
lar  situation  is  observed  at  kinetic  energies  of  598eV  and  703eV,  corresponding  to  the  L3M23M23 
and  L3VV  Auger  transitions  in  iron,  respectively. 
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IMAGING  OF  MAGNETIC  DOMAINS 


The  intensity  asymmetry  A(E)  observed  in  electron  spectroscopy  forms  the  basis  of  a  magnetic 
contrast  in  photoelectron  images  taken  from  magnetic  surfaces.  It  will  cause  magnetic  domains, 
which  are  oriented  parallel  and  antiparallel  to  the  photon  spin,  to  appear  with  different  intensities, 
i.e.  with  different  grey  levels  in  an  grey  scale  representation.  Fig.  3a  shows  an  image  of  the 
Fe(IOO)  surface  taken  from  an  area  close  to  the  edge  of  the  crystal.  The  image  has  been  acquired 
(aquisition  time  -5min)  with  electrons  of  648eV  kinetic  energy,  corresponding  to  the  Fe  L3M23V 
Auger  transition.  Prior  to  the  measurement,  the  Fe  crystal  has  been  demagnetized  by  driving  the 
coil  with  an  ac  current,  which  was  then  gradually  reduced  to  zero.  The  photon  energy  was  tuned 
to  708eV,  corresponding  to  the  2p3/2  excitation  resonance  (peak  A),  the  light  having  positive  he- 
licity.  The  image  will  therefore  be  referred  to  as  .T*".  The  raw  data  in  contain  a  combination 
of  magnetic  and  chemical/topographic  contrast.  The  latter  is  responsible  for  the  number  of  dark 
spots  which  are  scattered  across  the  surface.  As  a  local  XPS  analysis  of  these  spots  excluded  the 
contrast  to  be  of  chemical  origin,  it  is  tentatively  attributed  to  the  surface  topography.  It  is  well 
known  that  transition  metal  single  crystals,  which  have  undergone  an  extensive  sputter  cleaning 
and  annealing  procedure,  usually  exhibit  a  large  number  of  small  pits  and  hillocks  on  the  surface. 
The  magnetic  contribution  to  the  contrast  appears  in  Fig.  3a  as  a  pattern  of  differently  shaded  ar¬ 
eas.  In  order  to  separate  magnetic  and  topographical/chemical  information  in  the  image,  a  second 
image  with  inverse  magnetic  contrast  is  needed.  This  image  can  be  obtained,  for  instance,  by 
switching  the  helicity  of  the  light  (Jf).  Yet,  the  photon  energy  dependence  of  the  contrast  (Fig. 
2)  suggests  a  more  elegant  solution  to  the  problem.  Since  the  asymmetry  A(E)  at  the  2p3/2 
(hv=708eV)  and  2pi/2  (hv=720eV)  resonances  is  es.sentially  of  the  same  magnitude,  but  of  oppo¬ 
site  sign,  images  taken  hv=720eV  ((B*-)  contain  an  inverted  magnetic  contrast.  The  asymmetry 
image  Aefx.y)  is  then  calculated  from  the  original  images  and  in  analogy  to  eq.  ( 1 )  as 


Ae(x,y) 


A* -<B* 


(2) 


The  result  of  this  operation  is  displayed  in  Fig.  3b,  showing  the  domain  structure  of  the  Fe(  l(X)) 
crystal.  Essentially  only  three  grey  levels  are  observed:  the  black  (white)  areas  correspond  to 
domains  with  their  magnetization  vector  parallel  (antiparallel)  to  the  direction  of  light  incidence. 
Domains  with  M  oriented  perpendicular  to  the  photon  spin  show  up  in  a  medium  grey  level.  The 
domains  are  found  to  be  rather  small,  i.e.  considerably  less  than  1 00pm.  in  agreement  with 
observations  by  scanning  electron  microscopy  with  spin-polarization  analysis  (SEMPA)  18). 
Only  in  the  region  close  to  the  edge,  some  larger  domains  are  located.  These  are  presumably  de¬ 
termined  by  defects  at  the  crystal  edge.  Performing  the  operation  in  eq.  (2)  with  images  A'*'  and 
A',  instead  of  A*  and  !?*■.  yields  the  same  domain  pattern  as  shown  in  Fig.  3b.  Thus,  the  experi¬ 
ment  proves  our  approach  in  eq.  (2)  to  be  equivalent  to  a  change  of  the  light  helicity.  It  must  be 
noted,  however,  that  this  equivalence  follows  from  the  particular  photon  energy  dependence  of 
the  asymmetry  in  iron.  For  other  materials,  the  corresponding  "working  points"  may  be  estab¬ 
lished  by  further  spectroscopic  investigations. 

Similar  experiments  as  described  above  have  been  carried  out  on  Fe(lOO)  whiskers.  These 
crystals  usually  have  very  well  defined  domain  structures,  which  are  determined  mostly  by  the 
shape  of  the  sample.  The  ideal  domain  pattern  in  a  long  narrow  whisker,  for  instance,  consi.sts  of 
only  two  domains  separated  by  a  180°  wall,  and  closure  domains  with  90°  walls  at  each  end  of 
the  specimen  [9].  The  domain  image  displayed  in  Fig.  4  has  been  obtained  from  an  "L"-shaped 
sample,  using  L3VV  Auger  electrons  (703  eV  kinetic  energy).  Again  three  distinct  grey  levels, 
corresponding  to  the  four  magnetization  directions  in  Fe(  100)  are  observed.  The  image  shows  the 
elbow  region  of  the  whisker,  which  exhibits  a  relatively  complicated  domain  pattern.  In  fact,  the 


Fiy.  3:  Spectio-microscopy  from  an  Fe(100)  surface  using  LJM23V  Auger  electrons. 

(a)  raw  image  recorded  with  left  hand  circularly  polarized  light  of  hv=708eV.  (b) 
magnetic  domain  pattern  obtained  by  forming  the  asymmetry  (eq.  2)  from  images 
taken  at  hv=7C?.’^V  and  hv=720eV. 

horizontal  leg,  which  extends  to  the  right  border  of  the  image,  exhibits  a  domain  distribution 
close  to  the  case  described  above.  The  two  oppositely  oriented  domains  are  both  perpendicular  to 
the  incoming  light  and  thus  indistinguishable.  This  leads  to  the  exiendend  area  of  a  medium  grey 
level  in  the  right  hand  part  of  the  image.  Only  a  small  rotation  of  the  sample  is  required  to  pro¬ 
duce  a  sizable  projection  of  the  magnetization  along  the  photon  spin,  causing  these  domains  to 
show  up  with  a  different  contrast.  The  devitations  from  the  ideal  domain  pattern  in  the  elbow  re¬ 
gion  are  very  likely  due  to  some  defects  along  the  lower  edge  of  the  crystal.  These  may  give  rise 
to  local  demagnetizing  fields,  and  thus  to  a  complex  pattern  of  closure  domains.  Furthermore,  the 
whisker  may  be  subject  to  residual  strain  due  to  its  fixation  to  the  specimen  holder,  which  is  also 
likely  to  influence  the  formation  of  domains.  Similar  domain  images  as  in  Fig.  4  have  been 
recorded  with  the  directly  emitted  photoelectrons  of  the  2p  and  3p  core  levels. 


Fig.  4:  Domain  image  from  an  ”L”-shaped  Fe(lOO)  whisker  using  LjVV  Auger 
electrons  (703  eV  kinetic  energy).  Photon  energies  and  helicity  as  in  Fig.  3.  Arrows 
mark  the  orientation  of  magnetization  in  individual  domains. 
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CONCLUSIONS  AND  OUTLOOK 

We  have  imaged  magnetic  domains  on  various  Fe(lOO)  surfaces  by  means  of  magneto- 
dichroic  effects  in  the  emitted  Auger  electrons.  With  its  presently  limited  spatial  resolution,  this 
experimental  approach  does  not  intend  to  compete  with  other  well-established  duinain  imaging 
techniques,  such  as  SEMPA  or  optical  Kerr  microscopy.  It  should  rather  be  seen  as  a  comple¬ 
mentary  method,  with  its  main  advanta^  being  die  unique  combination  of  spectroscopic  (i.e.  el¬ 
emental  and  chemical  specificity)  and  magnetic  information  on  a  microscopic  scale.  Compared 
to  a  very  recent  experiment,  in  which  magnetic  domains  were  imaged  by  photo-emission  mi¬ 
croscopy  using  the  total  election  yield  [10],  the  above  energy-resolved  approach  has  several  ad¬ 
vantages.  First,  it  can  exploit  magneto-dichroic  effects  in  the  direct  photoemission  channel  as 
well  as  in  the  emitted  secondary  electrons.  By  tuning  the  electron  energy  from  direct  photoelec¬ 
trons  through  Auger  excitations  down  to  low-energy  secondary  electrons,  one  obtains  a  very  de¬ 
tailed  picture  of  the  individual  contributions  to  the  magnetism.  Secondly,  the  different  angular 
dependences  of  MCDAD  and  MCD  can  be  used  to  compensate  for  possible  geometrical  restric¬ 
tions  of  the  experimental  set-up.  Thirdly,  one  may  intentionally  introduce  a  depth  selectivity  into 
the  measurements  by  analyzing  electrons  of  very  different  kinetic  energy.  These  virtues  suggest 
that  magnetic  spectro-microscopy  on  the  basis  of  magneto-dichroic  phenomena  will  become  an 
interesting  and  versatile  new  tool  in  surface  and  thin  film  magnetism. 

We  are  indepted  to  Drs.  B.  Heinrich  and  Z.  Celinski  for  providing  us  with  the  iron  whiskers.  This 
work  was  supported  by  the  Bundesminister  f.  Forschung  u.  Technologie  through  grants  Nos.  05  5 
EFAA  1  5  and  FKZ  055VHFX1.  C.M.S.  acknowledges  financial  support  of  the  Deutscher  Aka- 
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ABSTRACT 

Circular  Dichroic  X-ray  Photoemission  Spectroscopy  (CDXPS)  experimenUi  have 
been  performed  on  the  2p  core  level  i^sectra  of  polycrystalline  Fe  film  which  was 
magnetized  by  a  low  excitation  field.  The  ability  to  p^orm  the  CDXPS  experiments  in  a 
non  remanent  mode  at  a  photon  energy  of  2100  eV  opens  new  and  interesting  possibilities 
for  the  MCD  technique  in  the  study  of  surface  and  interface  magnetism.  Our  work  on  this 
polycrystaliine  iron  gives  some  new  insights  into  the  understanding  of  the  MCD 
mechanism.  First  results  show  a  similar  angular  variation  for  the  measured  asymmetry,  as 
those  observed  on  a  Fe  bcc  (100)  single  crystal  remanently  magnetized  in  the  [100] 
direction.  Our  results  make  clear  that  the  parameters  governing  the  behaviour  of  the 
asymntetry  factor  (A)  ate  not  completely  described  by  the  relative  direction  of  the 
magnetization  (M)  with  the  polarization  vector  of  the  iiKident  beam  (q)  and  the  direction  of 
detection  of  the  photoelectrons  (z).  The  speciric  outcoming  of  this  work  is  to  clearly  show 
that  this  c^viour  of  A  is  not  connected  to  the  crystalline  structure  of  the  film  for  our 
geometries. 

INTRODUCTION. 

Magnetic  circular  dichroism  (MCD)  is  now  widely  used  to  study  the  local  magnetic 
properties  of  atoms  in  any  magnetic  materiaLs.  If  the  absorption  experiments  are  now  rather 
well  described  for  localized  and  itinerant  magnetic  ^sterns  (l  •  6],  the  MCD  effect 
observed  by  photoemission  is  to  first  order  explained  by  a  simple  extended  'absorption 
model'  [3]  where  the  emission  direction  is  not  explicited. 

Recently  new  experiments  showed  interesting  results  tm  a  Fed  10)  single  crystal  face  since  a 
magnetic  asymmetry  was  observed  on  the  Pe2p  levels  in  a  'forbidden  geometry' 
considering  absorption  measurements  [7].  On  the  ccnitrary  to  absorption  experiments,  where 
the  electrons  produced  by  the  absorption  process  are  not  analysed,  photoemission 
experiments  involve  the  detection  of  photoelectrons  with  a  well-defined  direction  with 
reflect  to  the  magnetization  M,  the  surface  normal  and  the  wave  vector  q  of  the  photon. 
Thus,  the  asynunetry  factor  A=[I(-M)-l(+M)l/lI(-M)  +  l(+M)]  can  be  shown  to  be 
strongly  dependent  on  the  detection  angle  [7,8,12]. 

Recently,  a  CDXPS  experiment  has  been  performed  on  the  Ni  3p  core  level  from  a  Ni(llO) 
surface  [9];  the  importance  of  the  orbital  magnetic  moment  on  the  surface  layer  has  been 
invoked  in  order  to  explain  the  large  discrepancy  concerning  the  magnittide  of  the 
asymmetry,  within  the  above  mentioned  model. 

Analytical  calculations  [13]  has  shown  that  the  asymmetry  A  is  dependent  on  both,  the  rate 
of  the  circularly  polarized  light  and  the  rate  of  the  linearly  polarized  light. 


Mat.  Rea.  Soc.  Symp.  Proc.  Vol.  313.  <  1993  Msteriala  Research  Society 


638 


For  this  reason  we  choose  in  this  paper  to  discuss  differences  of  the  photoemission  intensity 
K-M)  - 1(  M)  where  the  linear  term  is  suppressed.  Therefore  we  are  able  to  compare  them 
to  tile  iiieuiicuy  calculated  differences  for  various  collection  angles 

We  also  demonstrate  in  this  paper,  that  our  results  on  a  thick  polycrystalline  Fe  film 
(100  A)  deposited  on  a  Ni3Fe  (p-metal)  substrate  reproduce  fairly  well  those  obtained  on 
Fe(lOO)  single  crystal  [8],  and  we  conclude  about  the  absence  of  influence  on  the 
measurements  stemming  from  the  crystallographic  state  of  the  surface. 

A  limitation  of  CDXPS  is  related  with  the  fact  that  in  principle  such  experiments 
have  to  be  done  in  the  ren.anent  mode,  i.e.  the  magnetic  field  has  to  be  switched  off  during 
the  experiments  in  order  to  avoid  any  di-sturbance  of  the  photoelectron  itself  by  the 
excitation  field.  Obviously  this  limits  its  ase  to  those  cases  where  the  sample  has  a  strong 
remanence  at  H=0.  This  is  not  the  general  situation  encountered  in  surface  and  interface 
magnetism.  Thus,  it  seemed  important  to  us  to  investigate  the  possibility  to  use  CDXPS  in  a 
less  restrictive  case,  i.e.  when  the  remanent  induction  is  zero  and  when  the  sample  is 
polycrystalline. 

EXPERIMENTAL  CONDITIONS. 

The  experiments  weie  performed  at  the  LURE  -  SuperACO  synchrotron  ring  asing 
the  circularly  polarized  light  produced  by  an  asymmetric  Wiggler.  Monochromatic  light 
was  obtained  from  a  Si(lll)  two  crystal  monochromator.  The  data  were  obtained  using  a 
constant  photon  energy  of  2100  eV  and  recorded  with  a  high  resolution  hemispherical 
energy  analyzer,  flhe  experimental  resolution  was  estimated  to  be  O.-teV  (HWHM)  in  the 
present  work).  Fe2p  photoelectrons  (Eg  «  700eV)  are  therefore  detected  with  a  high 
kinetic  energy;  this  is  of  interest  both  for  the  data  processing  (the  background,  due  to 
secondary  electrons  is  significantly  reduced)  and  also  for  the  smaller  influence  of  stray 
magnetic  field  on  the  photoelectron. 

Obviously,  our  experimental  conditions  are  less  favorable  than  those  used  in 
previous  CDXPS  experiments.  The  use  of  a  two-crystal  monochromator,  instead  of  a 
grating  optics,  is  really  penalizing  for  flux  consideration  and  especially  for  the  loss  in  the 
circular  polarization  rate  (r<0.3).  Nevertheless  it  presents  several  advantages  related  with 
the  fact  that  almost  ail  core-level  spectra  (for  instance  the  3d®^^,  3d^^^  of  the  rare  earth) 
may  be  studied.  Moreover,  the  fact  that  the  kinetic  energy  of  the  photoelectron  can  be 
changed  significantly  may  be  of  trivial  interest  for  the  study  of  surface  magnetism,  via  the 
well  known  dependence  of  the  mean  free  path  of  the  photoelectron  with  its  kinetic  energy. 

As  seen  in  fig.  1 ,  a  ycAe  made  of  /r-metal  insured  a  closed  guide  for  magnetic  field, 
and  the  polished  side  of  the  yoke  plays  the  role  of  substrate  for  the  iron  evaporated  film. 
The  iron  film  (thickness  •>  100  A)  was  evaporated  after  a  careful  in  situ  cleaning  of  the  /r- 
metal  by  argon  sputtering  at  room  temperature. 

At  least  8  hours  were  necessary  to  collect  the  XPS  data  for  each  direction  of  the 
magnetization.  The  experiments  were  done  under  UHV  conditions  (P  •>  5.10'^^Pa)  and  the 
sample  cleanliness  was  periodically  checked  by  monitoring  the  O]^  and  the  XPS 
spectra  (recorded  using  a  conventional  A1  Ka  X-ray  source). 

For  this  expniment  we  need  to  maintain  the  magnetic  field  (a  few  mTeslas  for  the 
excitation  field)  during  the  measurements.  In  fact  no  remanence  persists  in  the  evaporated 
iron  film  as  seen  by  the  absence  of  any  dichroic  signal.  This  is  coherent  with  the  fact  that 
the  film  is  polycrystalline.  The  external  magnetic  field  provided  in  the  iron  film  a 


Fig.  1:  ExperimenUl  condition;  The  iron  film  is 
directly  evaporated  on  a  flat  side  ctf  the  yoke, 
made  of  fr-metal.  The  in-plane  excitation  Field  of 
H  •>  10  Gauss  lies  in  the  incidence  plane  and  is 
switched  on  during  the  data  aquisition.  Different 
emission  angles  are  obtained  by  a  rotation  of  the 
sample  around  the  Z  axis  (The  sample  normal 
lies  in  the  incidence  plane). 
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magnetization  direction  lying  in  the  incidence  plane.  The  angle  between  the  incident  photon 
beam  and  the  analyzer  was  fixed  to  50*.  Instead  of  changing  the  helicity  (which  implies  to 
move  up  and  down  the  optics  by  0.6  mrad)  we  simply  change  the  direction  of  the 
magnetization  M  for  a  given  helicity  to  extract  the  Fe2p  a.symmetry. 

This  procedure  is  widely  u-sed  and  is  equivalent  to  the  one  used  by  Daumganen  [8]  where 
an  angular  analysis  has  been  performed  on  Fe(lOO)  single  cry.stal  within  an  equivalent 
experimental  geometry. 

Magnetic  circular  dichroism  obtained  by  reversing  the  applied  magnetic  field  with 
fixed  helicity  has  been  followed  for  different  incidence  (and  emission)  angles.  The  most 
important  problem  to  solve  for  variable  geometry  is  the  energy  shift  of  the  photoelectron 
lines  when  M  is  changeu;  this  shift  is  strongly  emission  angle  dependent  and  is  due  to  the 
distribution  of  the  stray  field  around  the  sample.  For  each  emission  angle  the  value  of  the 
shift  to  introduce  has  been  measured  on  the  Fe2p  lines  be  reversing  the  magnetization 
direction  using  linearly  polarized  light  (where  the  magnetic  stray  fields  are  the  unique  origin 
of  the  shifts).  TTus  value  never  exced  50meV.  The  resolution  of  the  spectra  allows  us  to  fix 
the  shift  with  a  total  incertitude  better  than  lOmeV.  Looking  for  lOOmeV  to  200n’‘’V 
exchange  shifted  Fe2p3/2  peaks  this  .seems  to  be  a  rea.sonable  way  to  extract  correct  value:> 
of  asymmetry. 

EXPERIMENTAL  RESULTS. 

In  fig.2  we  present  the  difference  spectra  1(+M)  -  1(-M)  obtained  for  different 
geometry  ((a)  normal  emis.sion,  (b)  15®  off-normal  and  (c)  25°  off  normal]  when  circularly 
polarized  light  of  negative  helicity  is  used.  The  energy  step  of  the  data  shown  in  fig.2  is 
0.24eV. 

The  two  photoemission  spectra  are  compared  after  an  adjustement  of  their 
backgrounds  which  have  to  match  on  both  sides  of  the  pair  feature  by  averaging  over 
several  data  points. 

As  shown  in  this  figure,  there  is  a  significant  dependence  of  the  asymmetry  factor  with  the 
emissicni  angle. 

The  dependence  of  this  difference  on  the  experimental  geometry  can  be  given  by  [7]: 
o'*'  -  o'  =  X  .[4q.M  -  6  (z.q)  (z.M)] 


(1) 
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Fig.  2:  Evolution  of  the  intensity  difference 
U-M)  -  K  +  M)  for  differmt  angles  when 
circularly  polarized  light  of  negative  helicity  is 
used,  (a)  Data  for  the  normal  emission  geometry 
with  an  incidence  angle  of  a=40*  with  respect 
to  the  magnetization  vector  M.  (b)  Data  for  the 
IS*  off  normal  emission  angle  with  an  incidence 
angle  of  a  =  55*.  (c)  Data  for  the  25*  off  nonnal 
emission  angle  with  an  incidence  angle  of 
a=65*. 


where  z,  q  and  M  are  the  unit  vectors 
respectively  of  the  direction  of  the  photoelectron 
emission,  the  photon  polarization  vector  and  the 
magnetization.  Whereas  r  is  the  rate  of 
circularly  polarized  light: 

^^left  ■  ^right^  ^  ^^left  ^right^  ~  ^ 

In  our  experiment  the  polarization  rate  is 
estimated  to  20%.  For  the  three  different 
experimental  geometries  of  fig.2  the  predicted 
values  using  (1)  are  ;  0.61  for  the  normal 
1370  1380  1390  1400  emission  geometry  (a),  0.65  for  the  15*  off 

KIncdc Energy  normal  (b),  and  0.67  for  the  25*  off  normal 

emission  geometry. 

The  smooth  evolution  toward  higher  values  of  this  calculated  values  is  in  clear  opposition 
with  our  experimental  data.  If  we  scale  our  value  on  rig.2a  (measured  on  the  2p3/2  line) 
with  0.61,  we  obtain  in  the  ca.se  (b)  0.71  and  for  case  (c)  0.51  .  The  evolution  of  the 
experimental  value  is  not  coherent  with  the  calculated  ones  and  could  not  have  his  origin  in 
a  surface  related  component  because  of  the  high  kinetic  energies  of  the  detected 
photoelectrons. 

The  same  specific  behaviour  has  been  measured  on  Fe(lOO)  single  crystal  [8],  which 
demonstrates  that  the  ciystalline  state  is  not  the  origin  of  the  effect. 

Our  results  make  clear  that  the  parameters  governing  the  behaviour  of  the 
asymmetry  factor  are  not  completely  described  by  the  relative  direction  of  the  magnetization 
M  with  fhe  polarization  vector  of  the  incident  beam  q  and  the  direction  of  detection  of  the 
photoelectrons  z. 

In  order  to  compare  our  data  with  those  of  Baumgarten  [8]  we  substract  the 
background  from  the  photoemission  spectra  as  seen  in  fig.3  and  normalize  them  to  a  signal 
to  background  ratio  of  2.  Below  the  total  photoelectron  spectrum  (sum  of  two  spectra 
tacken  with  -i-M  and  -M)  we  di^lay  in  rig.3b  the  normalized  intensity  asymmetry 
(I'''-r)/(I'''  -t-D.  The  same  normalization  of  the  photoemission  spectra  has  been  made  by 
Baumgarten  [8].  This  allows  to  compare  the  asymmetry  values  for  both  systems. 


Y  {%)  Intensity  (counts/sec.) 
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Fig.  3:  (a)  Noraialued  spectra  after  background 
substraction  (for  details  see  text),  average  for 
■t-M  and  -M  magnetization  direction,  when 
circularly  polarized  light  of  negative  helicity  is 
used,  (b)  The  normalized  intensity  asymmetry 
A  =  (I‘*’-r)/(I'*’  +r)  after  the  above  mentionned 
correction  on  the  photoemi.ssion  spectra.  This 
value  can  directly  be  compared  to  ref.8. 

The  data  presented  in  fig. 3  were  recorded  when 
circularly  polarized  light  of  negative  helicity  is 
used  in  the  geometry  where  the  angle  of 
incidence  for  the  light  is  50°  with  respect  to  the 
surface  normal  (or  a =40*  in  fig.l)  aitd 
consequently  the  emission  is  along  the  sample 
normal.  The  obtained  peak  to  peak  value  for  the 
1370  1380  1390  1400  2p^^^  asymmetry  is  about  3.5%.  Previous  data 

Kinetic  Energy  (eV)  of  Baumgarten  for  Fe(lOO)  taken  in  the  same 

geometry  shows  a  12%  asymmetry  on  the  2p^^^ 
line. 

Our  value  is  clearly  reduced  by  a  factor  3.  The  values  for  the  15*  off  normal  emission 
(<jr=55°)  and  for  the  25*  off  normal  emission  (a=65*)  are  respectively  6%  and  4.5%. 
Also  for  these  two  angles  the  data  of  Baumgarten  for  Fe(l(X))  are  corresponding  by  a  factor 
3  (respectivelly  19%  and  13%). 

This  difference  can  not  be  caused  by  an  imperfectly  magnetized  sample  since  we  estimate 
the  applied  field  to  be  10  times  the  saturation  field  for  metal.  The  presented  data  have  been 
recorded  with  a  resolution  of  0.4eV  to  minimize  the  reduction  of  the  asymmetry  due  to^ine 
broadening.  This  excludes  an  artificial  reduction  of  our  data  to  be  the  origin  of  the  snpller 
values  found. 

This  difference  originates  simply  from  the  lower  circular  polarization  rate  in  our  experiment 
( -  20%)  as  compared  to  that  obtained  with  a  grating  optics  in  ref.  8  ( »  70%).  In  fact,  the 
evolution  observed  presents  qualitatively  the  same  angular  dependence  of  the  asymmetry  as 
in  ref.8  for  a  Fe(lOO)  single  crystal.  The  angular  variation  of  the  asymmetry  is  therefore 
independent  of  the  crystalline  state  of  the  magnetic  material  (implicit  in  foimule  (I)). 

The  origin  of  the  strange  behaviour  of  the  asymmetry  can  be  coreleted  to  a  crystal 
field  effect,  which  could  be  superimposed  to  the  classical  effect.  A  detailed  analysis  of  the 
photolines  shows  an  intensity  difference  for  the  2p3/2  lines  taken  for  -rM  and  -M,  in 
addition  to  the  observed  shift  which  is  in  our  case  of  150meV.  This  observation  is  clearly 
cormected  with  the  difference  in  intensity  (in  the  opposite  direction)  energetically  located 
between  the  2pl/2  and  2p3/2  lines  and  is  obviously  connected  to  the  angular  dependence  as 
observed  on  our  data.  Considering  that  the  total  integrated  signal  for  the  2p3/2 
photoelectron  interusity  has  to  be  constant  by  reversing  the  magnetic  field,  the  loss  of 
intensity  at  1391  eV  is  compensated  by  an  enhancement  at  higher  binding  energies.  In  the 
framework  of  the  atomic  picture  [10,11],  Imada  and  Jo  introduced  crystal  field  and 
Coulomb  interaction  which  give  rise  to  a  multiplet  structure  selectively  excited  by  circularly 
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polarized  light.  The  crystal  field  related  photoeiectron  lines  are  energetically  located 
between  the  2p3/2  and  2pl/2  line. 

This  multiplet  structure  induced  terms  in  the  MCD  signal  could  be  partially  responsible  for 
our  observed  angular  dependence,  especially  on  the  left  part  of  the  2p3/2  MCD  signal. 

In  order  to  draw  definitive  conclusions  about  the  mechanism  responsible  for  this 
angular  variations,  it  is  necessary  to  improve  the  data  quality  in  order  to  discass  the  fine 
structure  of  the  MCD  signal. 

CONCLUSION. 

The  CDXPS  results  presented  in  this  paper  demonstrate  the  pos.sibility  to  carry  out 
such  experiments  on  polycry.stalline  componds  in  the  non-remanent  mode.  The  experimental 
results  for  Fe  films  are  almost  identical  to  tho.se  obtained  in  the  remanent  mode  on  Fed  00) 
single  crystal.  Such  a  similarity  of  the  data  shows  that  it  is  possible  to  overcome  the 
difficulty,  related  with  the  presence  of  stray  magnetic  field  during  the  experiments,  and 
opens  the  possibility  to  study  all  the  systems  where  the  remanent  magnetization  is  zero. 

In  particjlar  we  show  that  the  variations  of  the  asymmetry  are  not  related  to  the  crystalline 
state  of  the  sample  as  suggested  in  [7].  Nevertherless  the  angular  variation  of  the  CDXPS 
asymmetry  still  remains  poorly  understood  and  requires  further  experimental  and  theoritical 
studies. 
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ABSTRACT 

We  report  on  strong  magnetic  circular  dichroism  (MCD)  in  4f  photoemission  (PE) 
from  magnetized  Gd(0001)AV(l  10)  films.  Tlie  shape  of  the  4f'-^Fj  final-state  PE 
multiplet  depends  on  the  relative  orientation  between  photon  spin  and  sample 
magnetization  and  can  be  described  within  an  atomic  model.  The  spectra  rule  out 
antiferromagnetic  alignment  of  the  (0001)  surface  layer  and  the  bulk  of  Gd.  This  MCD  in 
4f-PE  from  rare-eanh  materials  opens  new  perspectives  in  the  analysis  of  surface  and  thin- 
film  magnetism  and  as  a  sensor  for  circular  polarization  of  soft  x-rays. 

The  availability  of  intense  circularly  polarized  x-ray  beams  has  recently  led  to  a  number 
of  studies  of  magnetic  circular  dichroi.sm  (MCD)  in  phoioabsorplion  and  photoemiss¬ 
ion' of  ferromagnetic  materials.  In  case  of  MCD,  the  photoabsorption  and 
photoemission  (PE)  processes  depend  on  the  relative  orientation  between  photon  spin  and 
sample  magnetization.  MCD  in  PE  was  first  observed  in  2p  core-level  specu-a  from 
ferromagnetic  Fe(l  10)'  and  was  explained  in  terms  of  spin-selective  dipolar  transitions  in 
the  presence  of  spin-orbit  coupling' '2.  Several  theoretical  treatments  of  the  observed 
MCD  effects  in  PE  have  been  given2.6.7. 

In  the  present  contribution  we  report  on  the  observation  of  MCD  in  4f  PE  from 
magnetized  Gd(OOOl)  films  grown  epitaxially  on  W(  1 10).  The  shape  of  the  4f*-^Fj  final- 
state  PE  multiplet  exhibits  a  strong  dependence  on  the  relative  orientation  between  photon 
spin  and  sample  magnetization.  Even  with  the  circular  polarization  of  the  synchrotron 
radiation  beam  amounting  to  only  55%,  a  30-%  MCD  effect  has  been  observed.  Due  to 
the  localized  nature  of  the  4f  states  in  Gd,  this  MCD  in  PE  can  be  explained  within  an 
atomic  model  making  use  of  the  dipole-selection  rules.  From  MCD  spectra  recorded  with 
high  surface  sensitivity  at  hv=48  eV,  antiferromagnetic  alignment  of  the  (0001)  surface 
layer  and  the  bulk  of  Gd  can  be  ruled  out®.  This  strong  MCD  in  4f  PE  carries  a  substantial 
potential  as  an  analytical  tool  in  surface  and  thin-film  magnetism  and  for  an  absolute 
determination  of  the  degree  of  circular  polarization  of  soft  x-rays. 

The  experiments  were  performed  with  circularly  polarized  soft  x-rays  from  two 
different  monochromators  at  the  Berliner  Elektronenspeicherring  fiir  Synchro- 
tronstrahlung  (BESSY):  the  plane-grating  SX700/1II  at  a  bending  magnet®  and  the  U2- 
FSGM  at  the  crossed  undulator'®. 

Epitaxial  Gd(OOOl)  films  with  a  thickness  of  80±10  A  were  prepared  by  vapor 
deposition  of  Gd  onto  a  clean  and  well-ordered  W(llO)  substrate  at  room  temperature 
(base  pressure  <8- 10‘"  mbar);  this  results  in  a  layer-by-layer  growtli  of  the  first  few  layers 
of  Go®".  As  confirmed  by  LEED,  a  well-ordered  Gd  film  was  obtained  by  a  subsequent 
brief  annealing  at  870  K".  The  thickness  of  the  film  was  monitored  by  a  quartz  micro 
balance  and  calibrated  via  the  relative  intensities  of  the  4f  PE  lines  from  Gd  and  W. 
Chemical  cleanliness  was  checked  by  monitoring  the  0-2p  PE  intensity,  which  has  been 
found  to  be  sensitive  to  O2  exposures  as  low  as  0.01  L.  Gd(OOOl)  films  are  known  to  be 
magnetized  entirely  in  plane'2  with  only  few  magnetic  domains,  which  was  checked  in 
situ  by  magnetooptical  Kerr-effect  (MOKE).  Tiie  PE  spectra  were  taken  with  the 
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Gd(OOOl)  film  remanemly  magnetized  in  the  plane  of  incidence  of  the  photon  beam, 
achieved  by  magnetizing  pulse.v  of  H„.j,=360  A/cm  applied  through  a  closeby  solenoid. 
The  circularly  polarized  light  was  incident  at  an  angle  of  15°  with  respect  to  the  film  plane 
and  the  photoelectrons  were  collected  around  the  surface  normal  using  a  hemispherical 
electron-energy  analyzer  with  moderate  angular  resolution  (+10°);  the  experimental 

geometry  is  given  in  the  inset 
of  Fig.  1 

Fig.  1(a)  shows  Gd-4f  PE 
spectra  obtained  with  circu¬ 
larly  polarized  light  from  the 
SX700/1U  for  a  remanently 
magnetized  Gd(0001)/W(110) 
film  at  =50  K  for  parallel 
(open  dots)  and  antiparallel 
(full  dots)  orientation  of  pho¬ 
ton  spin  and  sample  magneti¬ 
zation,  respectively.  For  both 
orientations,  the  spectral 
shapes  deviate  marlcedly  from 
the  well-known  shape  of  the 
paramagnetic  4f*'7Fj  final- 
state  multiplet®.  For  parallel 
orientation,  the  4f  spectrum 
(open  dots)  yields  a  sharp  "fu'- 
tree-like"  structure,  which 
changes  to  a  broad  and 
rounded  structure  (filled  dots) 
upon  reversal  of  magnetiza¬ 
tion.  The  asymmetry  (Itt-Ifi) 
11  10  9  8  7  6  5  /  (l-f^  +  l-fl ),  calculated  from 

Binding  Energy  (eV)  ‘he  raw  experimental  data,  is 

plotted  in  (b);  it  amounts  to 


RG.  1.  (a)  Gd-ar  PE  spccua  (hv=200  cV)  of  a  remanently 
magnetized  Gd(0001)/W(l  10)  film.  The  open  (filled)  dots  are 
for  parallel  (antiparalleJ)  orientation  of  photon  spin  and 
sample  magnetization,  (b)  Asymmetry  (Iff-  If |,)/(lf f  +  If  i) 
calculated  from  the  raw  experimental  spectra  in  (a).  The  inset 
gives  schematically  the  cxpcrimciital  geometry. 


=30%,  which  is  by  far  the 
strongest  MCD  effect  in  PE 
observed  so  far. 

Due  to  the  localized  nature 
of  the  4f  states  in  Gd,  the  4f 


PE  process  can  be  described 


within  an  atomic  model  mak¬ 


ing  use  of  the  dipole  selection  rules.  AI=0,  ±  1  and  AMj=±  I ,  that  connect  the  fully  mag¬ 
netized  ground  state,  *87/2  IJ=7/2,  Mj=-7/2).  with  final  states  IJ',  M'j);  the  latter  are 
formed  by  coupling  the  angular  momenta  of  the  PE  final  states  (^Fj  multiplet)  with  those 
of  the  detected  photoelectron.  For  the  photoelectron  only  4f->Eg  transitions  were  consid¬ 


ered  since  contributions  from  4f— >ed  are  estimated  to  be  negligibly  small  in  the  present 


context. 


The  results  of  this  atomic  calculation  for  the  relative  contributions  of  the  ^Fj  multiplet 
components  are  presented  graphically  in  Fig.  2(a)  for  parallel  orientation  (AMj=+l)  and  in 
Fig.  2(b)  for  antiparallel  orientation  (AMj=-I).  The  energy  spacings  between  the  multiplet 
sublevels  were  chosen  according  to  the  Land^-interval  rule.  Also  shown  in  Fig.  2  are  the 
experimental  spectra  from  Fig.  1,  however,  normalized  to  100%  circular  polarization  of 
the  photon  beam  in  order  to  facilitate  a  comparison  with  the  theoretical  multiplets.  Note 
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the  good  qualitaiive  agreement  of  the  peak  shapes  of  the  normalized  spectra  with  the 
theoretical  multiplet  shapes. 


Fig.  2.  Calculaicd  relative  intensities  of  the  ilnal-stale  PE 

multiplet  components  for  (a)  parallel  (AMJ=+I)  and  (b)  antiparallel 
(AMJ=-I)  orientation  between  photon  spin  and  sample  magnetization. 
For  comparison,  the  experimental  spectra  from  Fig.  I.  normalized  to 
100%  circular  polarization,  are  also  given. 


For  a  quantitative 
description  of  the  ex¬ 
perimental  spectra, 
three  points  must  be 
considered:  (1)  The 
Gd-4f  PE  spectra 
contain  intensity  from 
bulk  and  surface  at¬ 
oms,  with  the  surface 
contribution  shifted 
to  higher  binding  en¬ 
ergies  (surface  core- 
level  shift,  SCS^3)_ 
(2)  Recent  spin-re¬ 
solved  PE  gives  evi¬ 
dence  of  ferromag¬ 
netic  coupling  of  the 


(0001)  surface  of  Gd  and  the  bulk^'*.  (3)  The  circular  polarization  of  the  photon  beams 
used  was  incomplete:  the  residual  light  is  linearly  polarized  in  the  storage-ring  plane  in 

case  of  the  SX700/I1I  positioned 
at  a  bending  magnet^,  while  it  is 


Binding  Energy  (eV) 


unpolarized  in  case  of  the 
crossed  undulator^O. 


FIG.  3.  Gd-4f  PE  spectra  taken  with 
circularly  polarized  aS-eV  photons 
from  the  crossed  undulalor  at  BESSY. 
The  (0001)  surface  layer  (grey-shaded 
components)  is  fcrTomagnetically 
aligned  to  the  bulk  of  Gd  (solid 
subspeclia).  The  dashed  components, 
which  are  identical  in  spectra  (a)  and 
(b).  represent  the  sum  of  the 
paramagnetic  bulk  and  surface  signals 
due  to  unpolarizcd  light  and  the  finite 
sample  temperature.  The  solid  curves 
through  the  peaks  displaced  vertically 
represent  the  best  fit  results  for 
hypothetical  antircrromagnctic 

alignment  of  surface  layer  and  bulk. 


In  thi.s  way  the  spectra  of  Fig.  1(a)  can  be  simultaneously  least-squares  fitted  with  a 
common  parameter  set  assuming  theoretical  relative  intensitic ;  of  the  ^Fj  multiplet  lines 
for  parallel  and  antiparallel  orientation  and  Doniach-Sunjic  line  shapes;  due  to  the  finite 


646 


angle  between  the  light-propagation  direction  and  the  surface  plane  of  the  sample,  the 
magnetization  ha-s  a  non-vanishing  component  parallel  to  the  linear  polarization  vector 
(see  inset  in  Fig.  1),  which  leads  to  weak  transitions  with  AMj^O.  In  addition,  bulk  PE 
contributions  with  opposite  AMj  were  included  in  each  case,  caused  by  the  incomplete 
circular  polarization  of  the  photon  beam,  as  well  as  surface  core-level  shifted  components 
from  a  ferromagnetically  aligned  outermost  surface  layer.  Significantly  worse  fits  were 
obtained  when  an  antiferromagneticaiiy  aligned  or  a  paramagnetic  outermost  surface  layer 
was  assumed.  For  reasons  of  space,  these  fits  of  the  MCD  PE  spectra  taken  at  the 
SX700/I1I  are  not  shown^S 

In  order  to  enhance  the  surface  contribution.  MCD  PE  specura  were  also  taken  at 
hv=48  eV  (see  Fig.  3).  In  this  case  circularly  polarized  light  from  the  crossed  undulaior 
was  employed  to  avoid  AMj=0  contributions  to  the  specha.  The  two  spectra  for  parallel 
and  antiparallel  orientation  exhibit  clearly  visible  shoulders  on  the  high  binding-energy 
skies,  which  are  a  consequence  of  relatively  strong  surface  contributions  (surface-to-bulk 
intensity  ratio  =  about  1.1  to  1);  such  shoulders  have  not  been  resolved  with  unpolaiizcd 
light®''3''^. 

The  subspectra  in  Fig.  3  are  again  the  results  of  a  simultaneous  fit  of  the  two  spe  r 
with  a  common  parameter  set,  assuming  ferromagnetic  alignment  of  the  (0(X)1)  sunacc 
layer  and  the  Bulk  of  Gd. 

Antiferromagnetic  coupling,  as  shown  in  the  vertically  displaced  peaks  in  Fig.  3,  led  to 
significandy  larger  misfits;  similarly  large  misfits  were  obtain^  under  the  assumption  of  a 
paramagnetic  surface  layer  (results  not  shown  here).  Thus  MCD  in  4f  PE  provides  a 
further  strong  evidence  for  ferromagnetic  alignment  of  the  (WX)'  i  surface  layer  of  Gd  and 
the  bulk. 

Due  to  the  strength  of  the  observed  effect  MCD  in  4f-PE  from  Gd  -  and  also  from 
other  rare-earth  elements  -  will  enable  studies  of  surface  and  thin-film  magnetism  with  the 
ease  of  conventional  PE  measurements.  The  possibility  to  exploit  3d-»4f  and  4d->4f 
resonant  PE  allows  studies  with  substantially  increased  sensitivity  as  well  as  in  an  element 
.specific  way.  In  addition,  the  magnitude  of  the  4f-PE  MCD  effect  offers  particularly 
attractive  perspectives  for  magnetic  imaging  applications. 

The  atomic  description  of  the  observed  MCD  effect  in  4f  PE  provides  a  way  to 
quantitatively  measure  the  degree  of  circular  polarization  in  the  soft  x-ray  region  over  a 
wide  range  of  photon  energies  from  about  40  cV  up  to  well  beyond  the  3d->4f  threshold 
(at  =  1 190  eV  for  Gd).  Further  work  in  this  direction,  both  with  different  Gd  systems  and 
with  other  rare-earth  elements,  is  in  progress  in  our  laboratory. 
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BfAGNETIC  AND  STRUCTURAL  ANALYSIS 
OF  ULTRA-THIN  MAGNETIC  FILMS,  MULTILAYERS.  AND 
SUPERLATTICES  BY  MOSSBAUER  SPECTROSCOPY 


J.  FREELAND,  D.  KEAVNEY,  D.  STORM.  AND  J.  CALVIN  WALKER 

Johns  Hopkins  University,  Department  of  Physics  and  Astronomy,  Baltimore, 

Maryland  21216 

In  the  study  of  thin  films  and  surfaces  as  well  as  the  examination  of 
superlattices,  the  careful  characterization  of  these  systems  including  their  structural, 
magnetic,  transport,  and  other  properties  has  been  absolutely  crucial  to  the 
advancement  of  the  field.  As  means  of  sample  preparation  have  progressed, 
techniques  for  evaluating  the  flatness,  continuity,  crystallinity,  etc.  of  thin  films  and 
surfaces  have  become  ever  more  necessary  to  understand  the  resulting  magnetic  and 
electronic  properties.  Because  iron  is  often  a  constituent  of  magnetic  thin  films  and 
because  the  isotope  ’'^Fe  shows  a  strong  Mossbauer  Effect  over  a  wide  temperature 
range  the  technique  of  MSssbauer  Spectroscopy  offers  much  to  the  study  of  surfaces, 
thin  films,  and  superlattices. 

Mdssbauer  spectroscopy  depends  on  the  achievement  in  a  very  special  way  of 
nuclear  resonance  fluorescence.  In  the  case  of  nuclear  transitions,  photon  energies 
are  typically  in  the  range  from  tens  of  thousands  to  millions  of  electron  volts. 
Typically  recoil  energies  in  both  the  emission  and  absorption  processes  are  greater 
than  linewidths  and  very  little  resonance  fluorescence  takes  place.  Mossbauer  was 
studying  this  unlikely  phenomenon  when  he  made  his  discovery:  when  nuclear 
photon  energies  aren’t  too  high  (-10-100  keV)  and  the  atom  containing  the  excited 
nucleus  is  firmly  bound  in  a  stiff  solid  at  moderate-to-low  temperatures,  there  is  a 
significant  probability  that  the  only  lattice-vibrational  normal  mode  excited  as  a 
result  of  the  photon  emission  is  the  zero-frequency  ((o=0)  mode.  This  implies  that  the 
recoil  momentum  is  taken  up  by  the  entire  lattice,  not  just  the  recoiling  nucleus.  In 
this  case  there  is  negligible  recoil  energy  loss.  The  same  process  can  also  occur  in 
resonance  absorption.  An  additional  bonus  -  very  important  for  Mossbauer 
spectroscopy  -  is  the  fact  that  the  first  order  doppler  line-broadening  caused  by 
thermal  vibration  of  the  emitting  nucleus  disapp>ears  in  the  Mossbauer  Effect. 

For  ”Fe,  with  a  14.4  keV  nuclear  transition  energy  to  the  ground  state,  a 
recoil-firee  fraction  of  gamma  emissions  in  Fe  metal  is  .81  at  room  temperature.  This 
high  fraction  can  be  attributed  to  the  rather  low  nuclear  transition  energy  and  to  the 
significimt  lattice  stiffness  associated  with  Fe  metal. 

As  mentioned  above,  the  doppler-broadening  of  the  emitted  or  absorbed  gamma 
line- width  cancels  out  to  first  order  in  v/c.  Here  v  is  speed  of  the  emitting  or 
absorbing  nucleus  associated  with  thermal  vibrations.  This  eliminates  the  major 
source  of  gamma  line-broadening  and  for  a  high  quality  crystalline  source  and 
absorber  the  gamma  line  width  will  be  close  to  tbe  vEdue  given  by  the  uncertainty 
principle.  Using  the  lOOns  lifetime  of  the  14.4  keV  level  of  ”Fe  as  the  measurement 
time  uncertainty:  E  -  10'*eV.  This  implies  a  resolution  E/AE  of  about  10'“  which 
offers  an  explanation  for  the  efficacy  of  Mossbauer  spectroscopy  for  looking  in  small 
energy  shifts  associated  with  solid-state  systems. 

Mbssbauer  spectroscopy  makes  use  of  gEunma  ray  emission  from  an  excited 
nucleus  bound  in  a  solid.  As  the  gEunma  tcEmsitions  are  usually  very  short-lived, 
("^Fe  is  long  at  100ns.)  the  excited  nucleEU-  state  which  normEdly  decays  to  the  nuclear 
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ground  state  is  usually  fed  by  a  conveniently  long-lived  beta-emitting  state  which 
decays  to  the  relevant  gamma  emitting  state.  In  the  case  of  '‘’Fe  the  beta-emitting 
parent,  "Co,  decays  primarily  to  the  136  keV  state  of  “Fe  (Figure  1).  This  second 
excited  state  decays  very  rapidly  primarily  to  the  14.4  keV  first  excited  state  with  the 
emission  of  a  122  keV  gamma  ray.  The  subsequent  decay  of  the  14.4  keV  state 
provides  the  gamma  rays  used  for  Mbssbauer  spectroscopy  in  ^’Fe.  It  should  be  noted 
that  only  2.17%  of  natural  Fe  is  "Fe.  The  rest  of  the  Fe,  consisting  mainly  of  “Fe, 
shows  no  Mbssbauer  effect.  This  can  be  exploited  in  a  very  interesting  way  as  we 
demonstrate  below. 
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Figure  1 .  Decay  scheme  for  to  ^^Fe 


In  the  case  of  °^Fe  the  14.4  keV  transition  is  from  a  J  =  3/2  nuclear  level  to  a 
J  =  1/2  ground  state.  The  nuclear  moments,  magnetic  emd  electric  quadrupole, 
associated  with  these  levels  interact  with  magnetic  and  electric  fields  at  the  nucleus 
to  produce  a  hyperfine  splitting  of  the  nuclear  levels.  Because  these  moments  are 
independenUy  luiown,  a  determination  of  the  hyperfine  splittings  for  a  particular 
sample  determines  the  magnetic  field  and  electric  field  gradient  at  the  nucleus.  Both 
of  these  quantities  provide  very  useful  information  when  studying  thin  films, 
surfaces,  or  superlattices.  The  magnetic  hyperfine  interaction  produces  a  nuclear 
Zeeman  effect  with  equal  spacing  of  the  magnetic  sublevels  of  the  J  =  3/2  excited 
state  (Figure  2). 


! 
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To  obtain  mn'rimiim  information  about  a  magnetic  system  using  Mdssbauer 
spectroscopy  requires  the  al^tv  to  take  spectra  with  the  sample  kept  accurately  at 
temperatures  ranging  firom  4.2  (normal  liquid  He)  to  600-700  K  (temperatures  above 
which  irreversible  changes  in  thin  film  or  superlattice  systems  can  occur.)  Various 
techniques  have  been  devised  to  deal  with  this  matter.  Flow  cryostats  with 
resistance  heaters,  thermal  sensors,  and  electronic  temperature  controllers  can  hold 
temperatures  to  ±0.1K  indefinitely  at  significant  cost  for  liquid  coolants  (particularly 
at  the  lower  temperatures).  We  have  found  the  most  satisfactory  solution  in  a  helium 
gas  refrigerator  system'  that  requires  no  liquid  coolants  and  includes  temperature 
control  as  good  or  better  than  flow  cryostats.  Refrigerator  systems  can  have  vibration 
problems  due  to  vigorous  motion  of  Uie  displacer  piston  in  the  cooling  head.  This  can 
cause  serious  line-broadening  in  the  Mdssbauer  spectra.  Modem  commercial  uiuts 
have  overcome  this  completely  by  isolating  the  cooling  station  from  the  mechanical 
part  of  the  system  and  conducting  heat  away  firom  the  station  using  cold  helium  gas. 
No  mechanical  connection  means  no  line  broadening  in  the  system  and  the  operator 
can  easily  stabilize  any  temperatures  between  lOK  and  400K.  For  hi^er 
temperatures  a  specialized  temperature-controlled  oven  is  used. 


Information  Obtainable  From  Mossbauer  Spectra 

A  typical  Mdssbauer  spectrum  shown  in  Figure  2  contains  a  great  deal  of 
information.  The  nuclear  transition  from  the  j  =  %  14.4keV  excited  state  to  the 
j  =  '/]  ground  state  is  an  Ml  (magnetic  dipole)  transition  with  selection  rules  m  =  0, 
±1.  In  the  case  in  which  a  magnetic  splitting  of  the  %  level  into  m  =  ±  %  and 
m  =  ±  '/,  levels  and  the  '4  level  into  m  =  ±  ‘4  levels  occurs,  six  of  the  possible  eight 
transitions  are  allowed.  This  shows  in  the  spectrum  as  six  lines.  The  transitions 
included  by  magnetic  dipole  selection  rules  m  =  =  -  '4  and  m  *  •V.^m  ~  +  '4  do 

not  appear.  The  relative  intensities  of  the  transitions  are  also  very  interesting.  The 
transition  probabilities  are  the  squares  of  Clebsch-Gordon  coefficients  appropriate  to 
these  angular  momentum  states.  They  depend  not  only  on  they  and  m  values  but 
also  on  the  angle  between  the  direction  of  the  detected  gamma  ray  and  the  direction 
of  the  magnetic  field  producing  the  Zeeman  splitting  of  the  nuclear  levels.  For  an 
unmagnetized  Fe  absorber  in  which  the  direction  of  the  magnetic  field  at  the  nucleus 
is  random  (due  to  domains)  the  six  lines  have  intensity  ratios  3:2:1:1:2:3.  Of  course 
the  unmagnetized  Fe  is  still  magnetically  ordered  within  a  domain  so  that  the 
nucleus  still  "sees"  a  net  magnetic  hyperfine  field  produced  by  the  surrounding 
electrons.  Bulk  Fe  shows  this  magnetic  order  below  the  Curie  temperature  of  1040K. 

Our  thin  films  and  superlattices  usually  involve  magnetized  films  of  Fe  thinner 
than  100  layers  which  have  single  domains  and  in  the  absence  of  significant  surface 
anisotropy  are  magnetized  in-plane.  In  this  case  the  ratios  of  Mossbauer  spectral 
lines  are  3:4:1: 1:4:3.  When  large  surface  anisotropy  effects  overcome  the  dipolar 
shape  effects  and  lead  to  a  magnetization  perpendicular  to  the  film  surface  (and 
therefore  parallel  to  the  gamma  ray  direction  in  a  transmission  Mossbauer 
measurement)  the  transition  probabilities  for  the  +'4  —+'4  and  -'4-.-'4  Am=0 
transitions  become  zero.  In  this  interesting  case  the  line  intensities  become 
3:0:1:1:0:3. 

In  general  the  line  intensity  relation  is  given  by: 


3:x;l:l.x:3 


X  =  4  sin*/(  l+cos*0) 
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irliero  9  is  the  aoele  betweeo  the  gamma  ray  aad  tbs  direction  of  the  masnetizatiun 
Af.  In  pure  bulk  Fe  the  magnetic  hypexfine  field  is  341  kilo^rsteds  at  4.2K  and  333 
kilo-oersteds  at  295K.  Because  tlm  magnetic  momenta  of  the  nuclear  %  and '/,  levels 
are  independently  known,  the  MOssbauer  spectrum  shown  in  Figure  2  yields  values 
for  the  hyperfine  fields  from  an  an>ropriate  least-squares  fit  to  the  spectrum. 
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Figure  2.  (a)  Magnetic  hyperfine  splittings  of  the  ground  state  and  first  excited  state  of  ”Fe. 
The  six  allowed  Ml  transitions  are  indicated.  A  typical  absorption  spectrum  from  transmission 
Mossbauer  spectroscopy  is  shown  in  (b). 


The  magnetic  hyperfine  field  at  the  nucleua  depends  in  a  complicated  way  on 
the  magnetic  properties  of  host  lattice.  In  a  paramagnetic  metal  or  alloy  the 
hyperfine  field  at  ^e  nucleus  rapidly  relaxes  in  spatial  direction  due  to  the  spin-spin 
relaxation  associated  with  the  thermal  lattice  energy  kT.  This  results  in  no  net 
magnetic  field  at  the  nucleus  over  the  time  comparable  to  the  Larmor  precession 
period  of  the  nuclear  moment  in  the  (non-static)  magnetic  field  produced  by  the 
electrons  around  the  nucleus.  In  making  a  ”Co  radioactive  source  for  obtaining  the 
initial  resonant  gamma  rays  for  Mdssbauer  spectroscopy  this  is  used  to  produce  a 
magnetically  "unspUt"  single  line  gamma  source.  Topically  ”Co  is  diffused  into 
Rhodiiun.  The  resulting  paramagnetic  alloy  also  has  cubic  symmetry  so  that  the 
source  line  is  "unsplit"  either  by  magnetic  or  electric  quadrupole  hyperfine 
interactions. 


Conversion  Electron  Mossbauer  Spectroscopy  -  CEMS 

In  this  variant  of  conventional  transmission  Mdssbauer  spectroscopy, 
advantage  is  taken  of  the  fact  that  nature  provides  a  means  of  de-excitation  of  the 

14.4  keV  nuclear  excited  state  of  ”Pe  other  than  photon  emission.  An  exdted  nucleus 
may  de-exdte  by  transferring  its  energy  to  one  of  the  inner  electrons  which  have 
some  appredable  density  at  the  nucleus  (typically  s-electrons).  In  the  case  of  ”Pe 
this  "internal  conversion"  occurs  nine  times  more  often  than  emission  of  a  14.4  keV 
photon. 

This  forms  the  basis  for  Mossbauer  spectroscopy  in  cases  in  which  the  thin  film 
or  superlattice  system  is  not  transparent  to  14.4  keV  gammas.  This  occurs,  for 
example  with  very  dense  or  thick  single  crystal  substrates  such  as  tungsten  or  GaAs. 
A  scattering  geometry  is  appropriate  with  14.4  keV  gammas  from  a  “’Co  source 
inddent  on  the  Mdssbauer  scatterer  which  is  often  much  smaller  than  a  transmission 
geometry  absorber.  When  the  source  is  doppler-shifled  into  resonance  witli  the 
scatterer,  a  recoilless  Mdssbauer  absorption  takes  place,  temporarily  leaving  some 
“’Fe  nuclei  in  the  scatterer  in  an  exdted  state.  These  nuclei  de-exdte  primarily  by 
"internal  conversion"  which  results  in  the  ejection  of  a  K-electron  of  about  7  keV 
energy.  The  resulting  exdted  atom  with  a  x-shell  hole  will  de-exdte  by  emitting  a 

6.4  keV  x-ray  or  (about  50%  of  the  time)  by  emitting  a  number  of  outer-shell  electrons 
by  the  Auger  process.  The  spectrum  of  electrons  from  these  processes  is  not  sharply 
defined  in  energy,  but  tends  to  have  lower  energy  than  "noise"  electrons  from 
photoelectnc  or  Compton  processes.  More  sophisticated  Conversion  Electron 
Mdssbauer  Spectrometers  (CEMS)  pass  these  electrons  through  a  rather  broad-band 
electron  spectrometer  before  they  are  detected  by  a  channeltron  or  other  suitable 
electron  detector.  The  signal-to-noise  ratio  for  such  a  sophisticated  system  can  be 
very  high,  although  dense  substrates  such  as  tungsten  can  produce  8ignific8mt  noise 
problems.  The  high  sensitivity  and  large  signal-to-noise  ratios  have  permitted 
Mdssbauer  spectroscopy  of  Fe  films  of  mono-layer  thickness,  while  the  thinnest  films 
for  which  transmission  spectra  are  reported  are  about  two  monolayers.  Because 
electrons  in  this  energy  range  are  not  very  penetrating,  the  entire  spectrometer  must 
be  evacuated,  while  transmission  experiments  don’t  usually  require  vacuum  except 
as  part  of  the  absorber  cooling  system.  The  need  for  a  vacuum  for  CEMS  has  been 
turned  to  advantage  by  some  groups  by  having  the  film  production  inside  the  same 
vacuum  system  as  the  Mdssbauer  spectrometer.  In  prindple  this  might  mean  that 
no  protective  covering  layer  would  have  to  be  put  over  the  Fe  before  Mdssbauer 
measurements.  In  practice  a  great  deal  of  time  (-15  hrs.)  must  elapse  before  enough 
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counts  are  recorded  to  provide  a  MSssbauer  spectrum  with  good  counting  statistics. 
It  is  not  possible  to  keep  a  bare  Fe  surface  free  of  contaounation  during  such  a  time. 

Because  one  is  counting  electrons  which  cannot  escape  from  very  deep  in  the 
samfde,  GEMS  is  more  surface  sensitive  than  transmission  experiments.  In  practice, 
however,  surface  sensitivity  is  achieved  by  making  Fe  films  firom  isotoiacally  pure 
‘*Pe  which  shows  no  Miisstiauer  effect  and  then  depositing  one  or  two  atomic  layers 
of  isotopically  pure  ”Fe  at  or  near  the  Fe  film  surface.’  In  this  way  genuine  surface 
sensitivity  is  achieved  by  both  Mbssbauer  spectroscopy  geometries. 


Example  of  Mossbauer  Spectroscopy  Applied  to  the  Study  of  Magnetic  Thin  Films. 
Surfaces,  and  Superlattices 

We  conclude  our  discussion  of  Mdssbauer  spectroscopy  applied  to  the  study  of 
magnetic  thin  films,  superlattices,  and  surfaces  with  a  discussion  of  our  experiment 
in  which  Mdssbauer  spectroscopy  provided  the  critical  information  about  the 
interlayer  coupling  in  Fe(110VAg<lll)  multilayers  grown  by  molecular  beam  epitaxy 
(MBE).  Previous  work  by  this  group  has  shown  the  existence  of  interlayer  coupling 
in  this  multilayer  system.’  In  that  work,  the  existence  of  interlayer  coupling  was 
inferred  from  the  observation  of  a  dimensional  crossover  in  the  spin-wave  spectrum 
of  3  ML  Fed  10)  layers  from  quasi  2-D  to  3-D  as  the  Agdll)  interlayer  thickness 
decreased.  Because  of  that  dimensional  crossover,  it  was  not  possible  to  detect 
oscillations  in  coupling  strength.  To  see  such  oscillations,  it  is  necessary  to  compare 
samples  which  exhibit  the  same  dimensionality  in  their  spin-wave  behavior. 

In  this  experiment  we  have  used  the  surface  sensitive  technique  to  detect 
interlayer  exchange  coupling  of  thick  Fe  layers  through  the  nonmagnetic  Ag  layers. 
To  do  so  we  use  the  fact  that  the  spin  wave  spectrum  exhibited  by  an  interfacial  Fe 
atom  is  different  from  that  of  a  bulk  Fe  atom.  Since  Fe  atoms  at  the  interface  have 
a  lower  coordination  number,  it  is  easier  for  thermal  fluctuations  to  deflect  their 
spins,  resulting  in  a  softer  spin  wave  spectrum.  This  is  observable  in  the 
temperature  dependence  of  the  hyperfine  magnetic  field.  As  long  as  one  stays  within 
the  spin  wave  regime  (typically  0.3  T(-),  the  hyperfine  fields  at  both  the  interface  and 
the  bulk  will  follow  the  Bloch  (1-BT")  form  very  closely.  The  interfacial  Fe  atoms 
will  have  a  larger  T''’  prefactor  than  the  bulk,  and  the  hyperfine  field  at  the  interface 
will  fall  off  faster.  Mills  and  Maradudin*  have  shown  that  the  value  of  B,  called  the 
spin  wave  stiffness  parameter,  at  a  free  ferromagnetic  surface  is  twice  that  of  the 
bulk.  For  the  case  of  an  Fe/Ag  multilayer,  the  interfacial  Fe  atoms  will  experience 
a  bulk  exchange  J„  with  nearest  neighbors  within  an  Fe  bilayer  component,  and  a 
weaker  interaction  J,  with  Fe  atoms  in  adjacent  Fe  bilayers.  The  strength  of  that 
interlayer  exchange  can  then  be  investigated  by  the  surface  sensitive  technique 
described  above. 

In  this  work  all  the  films  were  grown  by  MBE  on  a  thick,  single-crystal  Ag(  111) 
substrate  which  was  grown  in  situ  on  a  mica  substrate.  The  Fe  bilayer  thickness  was 
kept  fixed  at  22  ML,  and  the  Ag  interlayer  thickness  was  varied  between  0  and  40 
ML.  Of  the  22  ML  Fe  layers,  20  ML  were  composed  of  natural  Fe,  and  the  2  ML  at 
the  interface  was  composed  of  95.7%  enriched  ’’Fe.  Given  the  relative  abundance  of 
”Fe  in  natural  Fe,  and  assuming  no  interdilfusion,  this  results  in  92%  of  the  ”Fe  in 
the  sample  being  separated  to  the  interface.  We  have  found  that  when  the  2  ML 
probe  layer  is  placed  at  a  "free"  Fe/Ag  interface,  the  measured  spin-wave  spectrum 
at  the  probe  layer  follows  a  surface  spin-wave  spectrum  very  closely.  This  indicates 
that  the  interdiffusion  of  ”Fe  into  the  20  ML  natural  Fe  layer  is  negligible. 
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Therefore  the  MQssbauer  spectra  obtained  from  such  samples  correspond  to  the 
interface  region.  In  this  way  we  can  measure  the  spin  wave  spectrum  only  at  the 
interface.  It  is  worthwhile  to  note  that  this  technique  does  not  require  the  presence 
of  an  external  field,  which  makes  it  a  very  powerful  technique  for  studying  weak 
antiferromagnetic  interactions  between  Pe  layers.  In  addition,  traditional 
magnetometry  techniques  would  provide  no  information  on  coupling  strength  in 
ferromagnetically  coupled  layers. 

All  the  samples  discussed  in  this  paper  followed  the  B’och  law  very  closely,  as 
would  be  expected  for  a  22  ML  Pe  film.  The  temperature  dependent  hyperfine  fields 
were  then  fit  to  a  (1-BT^)  form.  The  results  ^  these  fits  are  shown  in  Figure  3 
(dashed  line)  and  indicate  clear  oscillations  with  a  period  of  6  ML  in  the  surface  spin- 
wave  stiffness  parameter  B(y)  superimposed  upon  the  expected  increase  from  the 
bulk  value  B(0)  to  twice  B(0).  Also  shown  in  Figure  3  is  a  prediction  of  B(y)  based 
on  the  RKKY  model  of  ref.  4,  with  a  period  of  6  ML  (solid  line).  The  lines  in  this 
figure  are  meant  only  as  guides  to  the  eye  to  show  that  at  every  dip  in  the  data,  the 
prediction  has  a  corresponding  dip.  This  oscillating  behavior  can  be  understood  in 
the  framework  of  an  oscillating  J,  and  a  Jg  which  remains  fixed.  Using  this  model. 
Green’s  function  calculations  can  be  performed  in  the  spin-wave  approximation  to 
obtain  B(y)  from  J,(y).^  As  J,  passes  through  zero,  B(y)  must  increase  to  its  free 
interface  value,  and  as  J,  reaches  an  extremum,  the  Fe  spins  at  the  interface  become 
more  “bulk-like",  resulting  in  a  drop  in  B(y)  toward  the  bulk  value.  It  is  this  feature 
which  makes  this  technique  very  sensitive  to  weak  oscillations  in  coupling  strength. 
The  observed  periodicity  of  6  ML  compares  veiy  favorably  with  the  prediction  of  5.94 
ML  for  Ag(lll)  from  recent  theoretical  efforts.'  It  should  be  pointed  out  that  the 
magnitude  of  the  oscillations  predicted  by  the  RKKY  theory  does  not  match  the 
observations  very  closely.  This  can  be  very  sensitive  to  the  overall  quality  of  the 
interface,  with  reduced  oscillation  amplitudes  resulting  from  interfacial  roughness. 
Since  the  RKKY  theory  used  above  does  not  account  for  any  rou^mess,  the  real  test 
should  be  whether  the  oscillation  periods  are  accurately  predicted. 


Interlayer  Thickness  (ML) 

Figure  3.  Spin-wave  stiffness  parameter  for  Fe(110)/Ag(lll)  multilayers. 
Osdlations  show  variations  in  interlayer  coupling  strength  J,.  The  dashed 
line  is  experimental  data,  and  the  solid  line  is  a  fit  based  on  the  extended 
RKKY  model. 
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ABSTRACT 

The  role  of  the  final-state  character  of  the  emitted  ele«.tTon  in  Auger  electron 
diffraction  (AED)  and  x-ray  photoelectron  diffraction  (XPD)  is  examined  with 
respect  to  magnetic  materials.  Single  scattering  cluster  calculations  with  the 
inclusion  of  the  spherical  wave  character  and  the  final-state  character  of  the 
emitted  electron  (both  angular  momentum  quantum  number  and  magnetic 
quantum  number)  show  that  selective  emission  from  different  m-Ievels, 
generated  by  a  non-statistical  distribution  of  initial  m-levels  or  by  an  m-selective 
excitation  process,  results  in  distinctly  different  emission  patterns. 

INTRODUCTION 

X-ray  photoelectron  diffraction  (XPD)  and  Auger  electron  diffraction  (AED) 
have  been  used  extensively  over  the  last  decade  to  determine  the  structure  of 
ultra-thin  films'"^.  At  high  electron  kinetic  energies  (>-300  eV),  these  closely 
related  techniques  have  found  successful  application  for  ultra-thin  films  and 
overlayers  in  determining  the  complete  structure  (in-plane  and  out-of-plane 
lattice  constants)!'^,  the  film  growth  mode^-*,  and  even  to  resolve  surface 
reconstructions^.  The  measured  experimental  spectra  can  be  accurately 
reproduced  by  quantum  mechanical  electron  scattering  theories'"^.  Complete 
angular  intensity  mappings  can  also  be  successfully  Fourier  transformed  under 
appropriate  conditions  to  form  electron  holograms*-". 

One  of  the  early  successes  ol  XPD  was  the  investigation  of  the  growth  and 
structure  of  Fe/Cu(001)’2X*  lending  insight  into  the  complicated  and 
controversial  magnetic  behavior  of  the  Fe  overlayers'^.  Many  subsequent  studies 
have  demonstrated  the  utility  of  iiigh  energy  AED  and  XPD  in  resolving 
structural  problems  which  inipact  thin  film  magnetic  properties.  For  example, 
AED  studies  have  confirmed  the  single-crystal  growth  of  both  bcc  Fe/GaAs  and 
bcc  Co/GaAs'*,  and  have  provided  convincing  evidence  for  the  body-centered 
tetragonal  (bet)  phase  of  Mn/Agi*,  thought  to  be  responsible  tor  the  absence  of 
ferromagnetism  in  the  Mn'^X*.  A  growth  mode  determination  for  the 
Ni/Cu(001)  system*  confirmed  the  layer-by-layer  growth  of  the  Ni  required  for  an 
understanding  of  the  thickness  dependent  curie  temperature’*.  Most  AED  and 
XPD  studies  on  magnetic  systems  have  focussed  on  the  structural  and 
morphological  aspects  of  the  magnetic  thin  films,  inferring  implications  for  their 
observed  magnetic  behavior. 

A  recent  development  in  the  understanding  of  AED  and  XPD,  which  has 
ramifications  for  magnetic  thin  films,  is  the  recognition  of  the  importance  of  the 
wave-function  character  of  the  emitted  electron.  Early  works  demonstrated  the 
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importance  of  including  the  spherical  nature  of  the  outgoing  electron  in  the 
scattering  process^o.  After  the  inclusion  of  the  spherical  wave,  calculations 
showed  that  the  angular  momentum  character  of  the  emitted  electron  plays  a 
significant  role  in  the  scattering  process,  especially  at  lower  electron  kinetic 
energies^’'^.  In  mapping  the  intensity  of  low  energy  Auger  electrons  f'om  a 
variety  of  materials,  Frank  et  a/.^  experimentally  found  angular  distributions  in 
stark  contrast  to  the  "forward  scattering"  picture  applicable  to  high  energies. 
Instead  of  intensity  maxima  along  inter-nuclear  directions,  they  detected 
intensity  minima.  To  describe  these  minima,  they  proposed  a  physical  model 
utilizing  a  more  classical  approach  of  electron  attenuation.  In  lids  "blocking" 
model,  atoms  lying  between  the  detector  and  the  atomic  site  of  the  electron 
emission  block  transmission  of  the  electron.  The  angular  intensity  pattern 
consists  of  "silhouettes"  of  atoms,  "back-lit”  by  the  electron  emission. 

This  model  was  counter  to  the  widely  accepted  forward  scattering  picture, 
especially  at  higher  energies,  and  produced  strong  oWeetions^*.  To  investigate 
this  apparent  controversy,  Terminello  and  Barton^^  examined  isoenergetic 
Auger  electrons  and  photoelectrons  in  an  attempt  to  isolate  the  source  of  the 
phenomena  observed  by  Frank  et  at.  Interestingly,  they  found  that  the  angular 
distribution  pattern  for  the  M23M«sM45  Auger  electron  and  the  Cu  3p3/2 
photoelectron,  taken  from  a  Cu(OOl)  substrate  at  nearly  the  same  energy  (56.6  eV), 
were  strikingly  different;  The  Auger  emission  showed  an  intensity  minimum  in 
the  surface  normal  direction  while  the  photoemission  showed  an  intensity 
maximum.  It  has  since  been  determined  by  a  variety  of  investigators”-^'-^'^^'^^ 
that  the  reason  for  these  different  angular  distributions  is  the  different  character 
(final-state)  of  the  enutted  electron. 

In  this  report,  we  continue  to  examine  the  role  of  final-state  effects  and  how 
they  relate  to  the  intensity  patterns  from  magnetic  materials.  We  demonstrate 
that  not  only  is  the  angular  momentum  quantum  number,  t,  important  in  the 
understanding  of  the  scattering,  but  the  magnetic  quantum  number,  m,  is  also 
(in  some  cases,  dominating  the  influence  on  the  intensity  patterns). 

DATA  REPRESENTATION 

Although  only  calculated  results  are  reported  here,  it  is  useful  to  describe  the 
typical  data  acquisition  and  data  representation  of  the  angular  dependence  of  the 
emitted  electron  intensities.  Typically  the  data  is  acquired  as  single  line  scans 
either  in  the  polar  (0)  or  azimuthal  (^)  conAguration,  although  display  analyzers 
are  also  in  use^s  Although  the  line  scans  are  sufficient  for  determining  crystad 
structure  parameters,  significantly  more  information  can  be  displayed  and 
understood  using  a  full  2ic-hemispherical  intensity  plot.  There  are  many 
projections  available  for  displaying  a  hemispherical  intensity  pattern  as  a  flat 
display  using  a  gray-scale  or  false-color^*'^’.  The  two  used  r^ularly  in  the  AED 
and  XPD  literature  are  the  azimuthal  equidistant  polar  projection  (used  in  this 
work),  where  equal  increments  in  the  polar  angle  (0)  are  represented  by  equal 
increments  in  the  radial  direction  (see  figure  la-b)  and  the  stereographic 
projection  (see  figure  Ic)  where  the  radial  distance  is  equal  to  2xtan(0/2)2’.  The 
azimuthal  equidistant  polar  projection  accurately  reproduces  the  center  of  the 
intensity  pattern,  but  enhances  the  displayed  area  around  the  border  of  the 
pattern.  The  stereographic  projection  is  a  more  balanced  representation  at  the 
loss  of  direct  correspondence  with  the  line  scans. 
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FIGURE  1:  Data  representation,  (a)  2k  hemispherical  representation 
of  data,  equivalent  to  an  azimuthal  equidistant  polar  projection  (b) 
where  radial  distances  are  equivalent  to  the  8-value,  (c)  Stereographic 
projection  where  the  radial  distances  are  equivalent  to  2xtan(6/2). 

HNAL-STATE  EFFECTS 

To  investigate  the  role  of  final-state  effects  in  the  AED  and  XPD  spectra,  we 
have  separately  calculated  the  full  2ii  emission  patterns  for  each  electron 
emission  character  (6  and  m).  The  calculational  scheme  employed  is  the  well 
developed  and  successful  single  scattering  cluster  (SSC)  method’-*  with  the 
inclusion  of  spherical  wave  corrections*®.  The  calculations  use  the  Rehr-Albers 
formalism*®,  which  is  a  general  electron  scattering  formalism  beginning  with  the 
separable  free-electron  Green's-function  propagator.  The  formalism  has  been 
encoded  by  Friedman  and  Fadley**  for  monoenergetic,  single  scattering  electrons. 
The  program  has  been  altered  to  allow  for  the  separate  calculation  of  the 
intensity  pattern  for  each  electron  emission  character,  t  and  m,  for  either  photon 
excitation  (of  various  polarizations)  or  electron  excitation  (for  electron  induced 
AED). 

The  importance  of  the  character  of  the  final-state  on  the  intensity  distribution 
patterns  for  low  energy  electron  emission  has  been  demonstrated  by  ourselves 
and  others”-*’-**-*®-**.  The  most  insightful  example  is  obtained  from  the 
calculated  angle-depiendent  intensity  map  for  low  energy  emission  from  Pt(in) 
and  Cu(OOl)*®,  the  systems  studied  by  Frank  and  by  Terminello.  In  figure  2a  and 
2b  we  compare  the  56.6  eV  Sps/z  photoelectron  intensity  mapping  (where  both 
6=0  and  1=2  final-state  momenta  contribute  equally)  with  the  calculated  56.6  eV, 
M3M45M45  Auger  electron  intensity  profile  (where  we  determine  the  final-state 
angular  momentum  to  be  mostly  f-character,  6=3).  In  this  case,  we  have 
summed  over  each  of  the  allowed  m-levels  equally.  The  photoemission 
selection  rules  dictate  that  the  allowed  magnetic  sublevels  are  mf=mi  (assuming 
the  quantization  axis  is  along  the  incident  photon  polarization  vector)  for  the 
6=2  Cu  3p  photoemission.  For  the  Auger  transition,  all  of  the  26+1  magnetic 
sublevels  contribute  equally  (m=+3  to  -3  for  the  6=3  Auger  emission).  For  the 
photoemission  calculation,  the  unpolarized  photons  are  represented  by  two 
polarization  vectors,  one  along  the  detector  direction  and  one  orthogonal 
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Figure  2;  Calculated  angle-dependent  56.6  eV  electron  intensity  profiles  for 
(a)  Cu  3p  photoemission  (with  t=0  and  2)  and  (b)  M3M45M45  Cu  Auger 
entission  (with  t=3)  for  Cu(OOl).  (c)  N67O45O45  Pt  Auger  emission  (65  eV) 
from  Pt(lll)  with  C=3.  Sample  orientation  is  indicated  by  the  arrows. 


and  within  the  surface  plane.  As  discussed  earlier,  the  inclusion  of  the 
appropriate  angular  momentum  character  of  the  electron  source  accounts  for  the 
striking  differences  experimentally  observed  by  Terminello  and  Barton.  For  the 
Cu  3p  photoemission  (final-state  character  6^0,2}  there  is  an  intensity  maximum 
in  the  surface  normal  direction,  whereas  for  Cu  Auger  emission  of  the  same 
energy  (final-state  character  C=3)  there  is  an  intensity  minimum.  Shown  in 
figure  2c  is  the  calculated  intensity  pattern  for  the  65  eV  N67O45O4S  Pt  Auger 
emission  from  a  Pt(lll)  single  crystal.  In  this  case,  we  again  calculate  that  the 
emission  character  is  dominated  by  C=3  (90%  f-character,  (■=3,  with  the  remainder 
being  {>-character,  6=1).  Again,  the  pattern  is  in  excellent  agreement  with  the 
measured  spectra  of  Frank  et  ai 

MAGNETIC  MATERIALS 


When  magnetic  materials  are  examined  by  AED  and  XPD,  there  are  two 
additional  asp>ects  present  in  including  final-state  effects.  The  global  magnetic 
moment  defines  a  natural  quantization  axis  for  the  expansion  of  the  spherical 
harmonics,  and,  due  to  spin-orbit  and  exchange  interactions,  the  magnetic 
quantum  number,  m,  is  not  equally  populated  for  all  m  values.  When 
examining  the  final-state  effects  on  the  intensity  patterns  from  non-magnetic 
materials,  all  26+1  magnetic  sublevels  are  equally  populated  in  the  initial  state, 
and  the  quantization  axis  could  be  arbitrarily  defined  (usually  aligned  with  the 
incident  photon  polarization  direction  so  that  mf=mi).  In  magnetic  materials 
with  an  orbital  contribution  to  the  total  moment,  all  of  the  magnetic  sublevels 
are  not  equally  populated,  so  that  there  will  be  an  angular  dependence  to  the 
electron  emission  from  the  source,  proscribed  by  the  local  magnetization 
direction.  For  magnetic  materials,  not  only  will  the  scattering  depend  on  the  6 
and  m  value,  but  the  electron  emission  now  has  a  strong  angular  character. 

The  angular  de{>endence  of  the  emission  is  most  easily  seen  from  the  intensity 
patterns  calculated  for  a  single  atom  (shown  in  figures  3  and  4).  To  simplify  the 
discussion,  we  will  examine  only  two  quantization  directions  corresponding  to 
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Figure  4:  Single  atom  emission  patterns  for  particular  final  states  with  the 
quantization  direction  along  the  x-axis  (in-plane).  Angular  momentum 
value,  t,  and  magnetic  quantum  number,  m,  as  indicated. 
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the  z-axis,  <001>  direction,  and  the  x-axis,  <100>  direction.  In  thin  films,  this 
will  correspond  to  a  perpendicular  remnant  moment  and  an  in-plane  renanant 
moment,  respectively.  More  complex  magnetic  orientations  and  structures  can 
also  be  considered.  The  patterns  in  figures  3  and  4  simply  represratt  the  spherical 
harmonic  as  viewed  on-end  (z-axis)  where  the  quantization  axis  is  paralld  to  the 
surface  normal,  or  <Mi-side  (x-axis)  where  the  quantization  axis  is  perpendicular 
to  the  surface  normal. 

The  emission  from  the  t=0,  m>>0  state  is  spherically  symmetric  as  is  the 
emission  Aom  the  summation  over  all  equally  pxtpulated  m-sublevels  of  a  given 
t  .  Already,  some  interesting  feahires  are  apparent.  For  the  z-axis  emission 
patterns,  only  the  moO  state  contributes  to  emission  in  the  surface  normal 
direction,  and  the  large  I  m  I  values  contribute  to  emission  at  the  exterior.  For 
the  in-plane  quantization  axis  (x-axis)  the  reverse  occurs.  These  emission 
patterns  are  independent  of  the  electron  energy. 

It  is  interesting  to  see  how  this  emission  character  is  reflected  in  the  electron 
intensity  patterns  for  an  atom  imbedded  in  a  crystal  structure  when  the  electron 
is  allowed  to  scatter  off  the  surrounding  atoms.  For  these  calculations,  we  have 
used  a  -1500  atom  bcc  Fe(001)  cluster  (10  ML  slab)  with  the  bulk  Fe  lattice  spacing 
of  2.86  A.  The  calculations  are  performed  at  low  energies  (referenced  to  outside 
the  material)  corresponding  to  the  low  energy  Auger  transition  at  47  eV.  The 
quantization  axis  was  chosen  to  be  either  the  <100>  or  the  <001>  direction.  The 
resulting  intensity  patterns  for  47  eV  electrons  emitted  with  d-character  (6=2)  are 
shown  in  figure  5.  (Note  that  for  later  comparison,  we  have  used  6=2  even 
though  we  have  determined  that  6=3  dominates  for  the  Fe  Auger  emission.) 
Only  spectra  for  positive  magnetic  quantum  numbers  are  shown.  The  spectra  for 
the  negative  m-levels  can  be  obtained  by  letting  ^  -->  (-^).  The  angular 
dependence  of  the  source  emission  is  clearly  reflected  in  the  intensity  patterns. 
In  addition  to  the  gross  features  from  the  angular  dependence  of  the  source 
emission,  there  are  also  distinct  features  due  solely  to  scattering  of  the  emitted 
electron.  For  the  x-axis  data,  there  is  a  distinct  asymmetry  for  features  above  and 
below  the  centerline  representing  the  quantization  axis.  Similarly,  in  the  z-axis 
data,  a  distinct  chirality  of  the  spectra  is  evident.  (Changing  m  to  -m  results  in  a 
reversal  of  the  asymmetries.)  As  in  the  case  of  the  angular  momentum  final- 
state  effects,  the  features  in  the  magnetic  final-state  are  due  to  the  relative  phase 
difference  of  the  scattered  and  directly  emitted  waves. 

There  is  clear  evidence  that  the  intensity  pattern  for  a  given  m  has  unique 
features.  But  these  features  are  only  present  if  there  is  a  non-statistical 
distribution  in  m-levels  of  the  emitted  electron.  This  non-statistical  distribution 
of  emitted  m-levels  can  be  generated  by  a  number  of  mechanisms.  If  the  initial- 
state  m-levels  are  non-statistical,  then  the  final-state  m-levels  will  reflect  the 
non-statistical  weighting  of  the  initial  state.  The  redistribution  of  initial  state  m- 
levels  can  be  magnetic  in  origin,  or  arise  from  chemical  bonding  at  an  interface, 
or,  as  we  have  suggested^’,  from  the  direct  and  secondary  excitation  process.  The 
case  of  magnetic  systems  is  particularly  interesting  because  of  the  possibility  of 
determining  from  the  measured  intensity  patterns,  the  m-level  populations,  and 
therefore  tlw  magnetic  state  of  the  thin  Him  (direction  and  moment). 

In  figure  6  we  show  the  anticipated  emission  pattern  for  three  m-level 
populations  for  both  perpendicular  and  in-plane  magnetization  directions.  For 
equal  m-level  populations  (the  first  set  of  patterns),  the  pattern  is  symmetric  and 
equal  for  the  two  quantization  directions,  as  expected.  This  would  correspond  to 


m  =  (-2,-lAU) 
pop  = 


m  =  (-2,-l,0,l<2) 
pop  =  (1,1,1, 1,1) 


m  =  (-2,-l,0,l,2) 
pop  =  (1,.9,.8,.7,.6) 


m  =  (-2,-l,0,l,2) 
pop  =  (1,.9,.8,.7,.6) 


m  =  (-2,-l,0,l,2) 
pop  =  (1,1,.5,0,0) 


m  =  (-2,-1, 0,1,2) 
pop  =  (1,1, .5,0,0) 


Figure  6:  Calculated  angle-resolved  intensity  pattern  for  electron  emission 
with  d-character  (6=2)  from  bcc  FefOOl)  at  47  eV.  The  m-sublevel 
pK>pulations  are  shown  below  each  figure  for  both  in-plane  (x-axis)  and 
perpendicular  (z-axis)  moments.  (TOP)  is  an  equal  population  of  all  m- 
sublevels,  (MIDDLE)  is  a  realistic  spin-orbit  re-population  of  the  m- 
sublevels,  and  (BOTTOM)  corresponds  to  a  severe  spin-orbit  re¬ 
population. 
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Figure  7:  Calculated  angle-resolved  intensity  pattern  for  photoelectron 
emission  with  d-character  (C=2)  from  bcc  Fe(OOl)  at  47  eV  using  circularly 
polarized  photons  incident  along  either  the  in-plane  (x-axis)  or 
perpendicular  (z-axis)  moment  direction.  (TOP)  equal  emission  from  all 
26-+1  m-sublevels,  (MIDDLE)  emission  from  100%  positive  helicity  light, 
and  (BOTTOM)  emission  from  100%  negative  helicity  light. 


the  emission  pattern  for  bcc  Fe(OOl)  with  no  orbital  moment.  Because  all  m- 
levels  are  equally  populated,  the  emission  is  spherically  symmetric  and  the 
quantization  axis  is  irrelevant.  As  we  turn  on  the  spin-orbit  interaction  and 
populate  the  lower  lying  m-levels  more  strongly,  slight,  but  measurable 
differences  are  observed  in  the  patterirs.  (A  re^istic  m-level  population  is 
shown  in  the  middle  set  of  patterns.)  For  the  x-axis  spectra,  there  is  an  increasing 
top-bottom  asymmetry.  For  the  z-axis,  a  chirality  of  the  spectra  develops.  These 
asymmetries,  of  order  10-20%,  are  small  but  measurable.  For  a  severely  distorted 
m-level  population  (shown  in  the  bottom  set),  the  asymmetries  are  very  distinct. 

Instead  of  relying  on  a  non-statistical  population  of  initial-state  m-levels, 
these  magnetic  final-sta^e  effects  can  also  be  generated  by  using  an  excitation 
source  which  preferentially  excites  particular  m-levels.  One  method  for 
generating  electron  emission  from  selected  m-sublevels  is  photoemission  using 
circularly  polarized  light.  For  a  circularly  polarized  photon  incident  along  the 
remnant  magnetization  direction,  in  addition  to  the  typical  dipole  selection  rule 
(aC.::!!)  for  the  angular  momentum  quantum  number,  there  is  a  selection  rule 
for  the  m-sublevels  (Am=±l),  depending  on  the  helicity  of  the  circularly 
polarized  light.  For  the  photo-excitation  of  p-levels  (initial  m-sublevels  m=04:l), 
the  transition  is  dominated  by  transitions  to  states  with  d-character  {i=2).  For 
positive  helicity  light,  the  selection  rule  (Am=+1)  dictates  that  only  electrons 
with  magnetic  quantum  numbers  m=0,  1,  and  2  will  be  emitted.  For  negative 
helicity  light,  the  selection  rule  (Am=-1)  dictates  that  only  electrons  with 
magnetic  quantum  numbers  rp=0,  -1,  and  -2  will  be  emitted.  Figure  7  shows  the 
calculated  intensity  pattern  for  electron  emission  with  the  allowed  m-sublevels 
equally  represented  in  the  emission;  photoemission  from  positive  helicity  light, 
and  photoemission  from  negative  helicity  light  for  both  in-plane  and 
perpendicular  remnant  moment  directions.  The  emission  patterns  are 
dramatically  different,  showing  70%  intensity  variations  upon  helicity  reversal. 
This  has  serious  implication  for  angle-resolved  photoemission  using  circularly 
polarized  light,  termed  magnetic  circular  dichroism  (MCD). 

CONCLUSIONS 

We  have  shown  that  the  final-state  character  of  the  emitted  electron  plays  an 
important  role  in  the  AED  and  XPD  angle-resolved  intensity  distributions. 
Indusion  of  the  final-state  angular  momentum  of  the  emitted  electron  in  single 
scattering  cluster  (SSC)  calculations  reproduces  the  experimentally  observed 
patterns.  Extension  to  magnetic  systems  shows  that  similar,  large  effects  in  the 
angle-resolved  intensity  patterns  can  be  expected  for  systems  with  non-statistical 
m-sublevel  populations,  or  when  an  excitation  source  which  is  m-selective  is 
employed  (eg.  photoemission  using  circularly  polarized  light). 
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ABSTRACT 

In  contrast  to  Fe(l  10)-films  on  W(IIO),  which  are  magnetized  always  in  the  plane  as  a 
result  of  easy-plane  magnetic  surface  anisotropies  (MSA),  Fe(l  10)-films  on  Cr(l  lO)  show 
perpendicular  magnetization  up  to  a  thickness  of  roughly  3  monolayers,  as  a  result  of  a 
perpendicular  MSA  of  the  Fe(ll0)/Cr/(I10)  interface.  Accordingly,  Fe(l  !0)-films  on 
W(llO),  covered  with  CifllO),  show  asymmetric  MSA.  the  easy-plane  MSA  of  the 
W(  1 10)/Fe(l  10)-interface  opposing  the  perpendicular  one  of  the  Fe(  1 10)/Cr(  1 10)-interface. 
It  turns  out  that  MSA  is  asymmetric  too  in  Fe(l  10)  films  on  W(1 10)  covered  by  Cu.  Ag. 
Au  or  UHV. 


INTRODUCTION 

Extended  experimental  work  on  (out-of-plane)  magnetic  surface  anisotropy  (MSA)  of 
bcc  a-Fe  ( 1-6|  shows  perpendicular  MSA  for  Fe(100)-interfaces  with  Ag,  Au  and  UHV  1 1- 
5|,  but  easy-plane  MSA  in  Fe(l  10)-films  on  W(llO),  covered  with  Ag,  Au,  Cu  and  UHV 
|6|.  Surprisingly,  despite  of  the  extraordinary  interest  in  the  Fe/Cr-system  in  connexion 
with  indirect  coupling  phenomena  observed  in  it  |7-11|,  experimental  work  on  MSA  of 
Fe/Cr-interfaces  is  missing.  The  present  work  will  close  part  of  this  gap.  Following  the 
examples  given  above,  one  might  guess  that  the  sign  of  MSA  is  determined  by  the 
ferromagnetic  film  itself  (its  material  and  its  orientation)  and  is  independent  cn  the 
nonmagnetic  substrate  or  coverage  material.  An  inspection  of  Ni(l  11),  which  shows  always 
easy  plane  MSA  for  Cu,  Ag,  Pd  and  UHV  coverages  (12|.  and  of  Co(l  1 1),  which  shows 
always  perpendicular  MSA  |13-15|  for  interfaces  with  Ag.  Au,  Cu,  Ir,  Mo.  Pd  and  Pt, 
apparently  confirms  this  rule  that  the  sign  of  MSA  is  independent  on  the  contact  material 
(for  a  general  review  of  ultrathin  magnetic  films  and  MSA  in  them  see  |16|).  We  were 
surprised  to  find  that  this  rule  is  broken  by  Fe(l  10)  on  Cr(l  10),  which  shows  perpendicular 
MSA  in  contrast  to  the  easy-plane  MSA  of  Fe(llO)  on  W(IIO).  Even  mote,  MSA  is  of 
perpendicular  type  for  all  known  interfaces  of  Fe(llO),  with  the  only  exception  of  the 
Fe(l  10)/W(1 10)-interface,  which  shows  easy-plane  MSA  with  an  exceedingly  large 
magnitude  of  1.7  mJ/m^  which  dominates  in  all  films  prepared  on  W(1 10)  and  makes  them 
easy  plane.  All  Fe(110)-films  on  W(llO)  therefore  show  an  asymmetric  MSA, 
perpendicular  in  one  interface  and  easy  plane  in  the  other  one,  a  phenomenon  which  has  not 
been  reported  before. 


Mat.  Rea.  Soc.  Symp.  Pro*:.  Voi.  313.  '  1993  Materials  Research  Society 
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PREPARATION 

Experiments  were  done  using  sandwiches  of  type  W(  J  lOVFed  lO^X  and 
W(HO)/Cr(HO)/Fe(l  lOVX,  X  representing  a  final  Cr-coverage  or  UHV.  The  films  were 
prepared  in  UHV  by  evaporation  (p  <  lO"’”  Torr)  onto  atomically  smooch  and  clean 
W(1 10)-$urfaces,  with  growth  rates  of  the  order  of  O.S  ML/min,  at  substrate  temperatures 
of  300  K,  except  for  Cr  base  layers,  which  were  prepared  with  temperatures  raising  up  to 
S70  K.  Growth  modes  and  surface  defect  structures  were  tested  by  Auger  electron 
spectroscopy  (AES)  and  low-energy  electron  diffiaction  with  high  angular  resolution  spot- 
profile  analysis  (SPA-LEED,  see  (17));  details  will  be  published  elsewhere  |18].  The  main 
defects  of  the  interfaces  consist  of  atomic  steps  along  |001  ]  with  mean  distances  of  about  10 
and  30  atomic  rows  on  Fe  and  Cr,  respectively.  As  estimated  from  a  previous  analysis  of 
step  anisotropies  (17),  this  causes  only  minor  correebons  to  the  MSA  determined  below. 
Film  thickness  was  measured  using  quartz-crystal  oscillators  with  a  resolution  of  5%  and 
checked  both  the  completiofl  of  the  pseudomorphic  monolayer,  sensitively  detected  by 
SPA-LEED,  and  using  magnetometry  of  thick  films. 


MAGNETOMETRY 


Torsion  oscillation  magnetometry  (TOM,  (19,20))  was  done  in  situ  immediately  after  or 
even  during  evaporation.  Only  room  temperature  magnetometry  is  reported  in  the  present 
paper.  The  advantage  of  our  TOM  is  to  provide  both  magnetic  moments  and  anisotropies 


pqH(T)  m„h(T) 

Figure  1:  Magnetization  loops  R/H  versus  H  (see  Equ.  1)  for  Fe/Cr  epitaxial  films  on 
W(110).  The  external  field  is  along  (iTO).  (a)  Easy-axis  in-plane  loop  for  a  sample 
W(1 10)/12Fe/5Cr  (film  thickness  by  monolayers),  (b)  Hard-axis  in-plane  loop  for  a  sample 
W(110)/20Fe/UHV.  (c)  and  (d)  Easy  axis  perpendicular  loops  for  W(1 10)/2Fe/UHV  and 
W(110)/1.5Fe/UHV,  respectively. 
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with  submonotayer  resolution  from  one  combined  measurement  in  situ  in  UHV.  We 
measure  the  period  of  torsion  oscillations  of  the  sample,  suspended  in  a  magnetic  field  H. 
The  dependence  of  this  period  on  H  is  expressed  by  a  torque  constant  R  =  -  dT/d<<>  (torque 
T  per  angle  <t>).  We  represent  magnetic  anisotropy  by  the  leading  terms  of  the  free  energy  F 
pc:  volume  V,  F/V  =  L  cos^d  +  Kp-sin-^  cos-i^.  where  i5  is  the  polar  angle  of  the 
magnetization  direction  with  respect  to  the  surface  normal  and  ip  an  in-plane  azimuth  with 
respect  to  (001 1,  L  and  Kp  are  out-of-plane  and  in-plane  anisotropy  constants,  respectively. 
The  magnetic  field  is  applied  along  |  lT0|.  For  the  case  of  magnetic  saturation  in  the  plane 
(<fi  =  90^’),  we  analyse  small  amplitude  oscillations  near  an  equilibrium  with  the  film  plane 
parallel  to  the  field.  R  s  then  connected  with  the  saturation  moment  m  =  JsV  and  with  the 
anisotropy  field  Ml  =  1U}\  by 

R/H  =  JsV|Hl/(H  +  Hl)|  (1) 

Figure  1  shows  magnetization  loops  of  the  quasi-moment  R/H  versus  H  for  three 
samples.  Figure  la  is  taken  from  a  sample  W/12Fe/5Cr,  consisting  of  12  atomic  layers  of 
Fed  10)  on  W(llO).  covered  by  5  atomic  layers  of  Cr;  it  shows  an  easy  axis  loop, 
indicating  Kp  >  0,  in  which  R/H  follows  the  saturation  hyperbola  of  equation  ( 1 )  down  to 
zero  field,  with  a  low  coercive  field  <  2  mTesla  (not  resolved).  JsV  and  Hl  can  easily  be 
determined.  For  compHrison,  Figure  lb  shows  the  hard-axis  loop  of  the  sample 
W/12Cr/20Fe/UHV,  with  magnetic  saturation  for  fi«H  >  0.2  Tesla  only;  Hl  and  JsV  result 
as  before  from  the  saturation  branch;  Kp,  which  is  now  negative,  results  in  the  usual  way 
from  the  initial  slope.  The  deviations  from  linearity  indicai  igher  order  terms  of  the  in 
plane  anisotropy  which  will  be  discussed  elsewhere.  We  were  surprised  to  observe  that  2 
monolayers  Fe  on  Cr(llO)  oriented  themselves  spontaneously  a’  'ght  angles  to  the  field, 
that  means  that  they  showed  perpendicular  magnetization  (1.  <  0).  For  this  case,  the 
appropriate  mode  of  TOM  is  to  observe  torsion  oscillations  near  the  new  equilibrium  with 
the  film  at  right  angles  to  the  field;  easy  axis  loops  of  this  type  are  shown  in  Figure  Ic  and 
d.  respectively. 

EVALl  ATION  OF  MAGNETIC  SERF  ACE  ANISOTROPIES 

For  the  anisotropies  determined  from  standard  loops  as  in  Figure  1.  the  separation  of 
volume  and  surface  contributions  was  done  as  usual  by  plotting  total  film  anisotropy  fields 
Hi  =  2\  Jh  versus  l/D,  the  inverse  of  the  number  of  atomic  layers  in  the  ferromagnetic 
component,  D  =  t^d  (film  thickness  t.  distance  of  atomic  layers  d).  Assuming  ^,.Hl  to  be 
a  superposition  O'  a  volume  contribution  t's  +  p.,Hv),  composed  of  shape  anisotropy  Js  and 
a  crystalline  volume  component  ir.  Hv,  and  of  a  surface  contribution  tl/D)  (p.  H-  ''  ■¥ 
/i.  H,  with  surface  anisotropy  fields  Ho'  which  can  be  thought  of  acting  on  the  topmost 
magnetic  layer  only  in  both  interfaces,  we  make  the  usual  Ansatz 

p.Hi  =  (Js  -f  ji.,H\)  +  t l/DKp'Ho'’  +  ft.iHo-'i  .  (2) 

The  surface  anisotropy  fields  HO"  are  connected  with  the  usual  surface  anisotropy 
constants  by  K-"’  =  i  l/2)J',  Hs(''d.  Note  that  we  use,  as  in  previous  papers  (6,  12.  16.  ITJ. 
the  original  Neel  notation  a  -  Ks  cos-d.  which  differs  in  sign  of  Ks  from  part  of  the 
literature.  Figure  2  shows  a  plot  of  Hl  versus  I/D  for  sample-series  of  type 
W  Fe/llHV.  W/Fe/(  r.  W  Cr/Fe/UHV  and  W/Cr/Fe/Cr,  respectively,  all  containing  D 
atomic  layers  of  Fet  1  lOi  in  dd'fereiit  surroundines.  The  sr  aiehl  fittine  lines  for  the  first 
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1/D 


Figure  2:  Total  out-of-plane  anistropy-fields  poHt  versus  1/D,  for  film  series  W/Fe/Cr. 
W/Fe/UHV,  W/Cr/Fe/Cr  and  W/Cr/Fe/UHV,  and  W/Cr/Fe/UHV.  all  containing  D  atomic 
layers  of  Fe(l  10)  in  different  environments. 


Table  1:  Single  interface  MSA  constants  Ks  of  Fe(l  lO)-interfaces.  The  first  three  values  are 
determined  from  the  measurements  of  the  present  paper,  the  following  three  using  previous 
work  on  W/Fe/X-films  [6|.  All  data  are  for  room  temperature,  except  the  last  one.  Fe/Au", 
which  comes  from  low-temperature  at  10  K  of  Au(l  1 1)/Fe(  1 10)/Au  sandwiches  |2l). 
unstable  at  room  temperature.  The  error  is  generally  of  the  order  0. 1  mJm"-. 

Interface  Fe/UHV  Fe/Cr  Fe/W  Fe/Cu  Fe/Ag  Fe/Au  Fe/Au* 

K./mJm’  -0.51  -0.35  -h  1.70  -  0.24  -  0.60  -  0.53  -  0.69 


three  series  confirm  the  existence  of  surface  anisotropies.  For  W/Cr/Fe/Cr.  a  strong  in¬ 
plane  anisotropy  with  (001 1  as  an  easy  axis  prevented  the  saturation  hyperbola,  see  Figure 
lb,  and  therefore  the  determination  of  Hl  for  the  thinner  films;  we  abstain  from  a  linear  fit 
to  the  three  remaining  points.  Instead,  we  include  the  dotted  line,  the  slope  of  which  results 
from  the  MSA  determined  from  the  other  series.  It  fits  well  to  the  W/Cr/DFe/Cr  data.  Note 
that  the  straight  line  for  W/Cr/Fe/UHV  connects  data  from  samples  with  Hl  >  0  which 
oscillated  near  parallelity  to  the  external  field  with  data  from  samples  with  Hl  <  0  which 
oscillated  near  perpendicular  orientation.  The  good  linear  fit  connecting  these  quite  different 
situations  of  measurement  confirms  the  concept  of  our  analysis.  From  the  total  surface 
anisotropies  for  the  three  series,  resulting  from  the  slopes  of  the  full  lines,  the  anisotropies 
of  the  three  involved  single  interims  could  be  determined.  They  are  collected  in  Table  1 . 


675 


Data  for  Fe(  1  IO)-interfa£es  with  Cu.  Ag  and  Au  are  included  which  were  obtained  using 
total  film  surface  anisotropies  from  previous  work  16).  Obviously,  all  interface 
are  negative  (perpendicular)  except  Ks'*'  which  is  positive  and  exceedingly  large.  We 
found  surprisingly  good  agreement  of  our  room  temperature  value  for  Ksf"  with  the  low- 
temperature  value  of  Lugert  and  Bayreuther  |2I  |. 


DISCLSSION 

In  Figure  2,  the  remarkable  agreement  of  the  axial  sections  which  represent  volume  type 
anisotropies,  for  series  with  quite  different  slopes,  which  in  turn  represent  surface 
anisotropies,  confirm  the  MSA  concept.  The  common  volume  anisotropy  of  the  series 
W/Fe/UHV  and  W/Cr/Fe/UFIV,  (Js  +  fioHv)  =  1.75  Tesla,  can  be  compared  with  the 
standard  bulk  value  of  (Js  -  2^oKi/Js)  =  2.10  Tesla  (standard  4th  order  crystalline 
anisotropy  Ki).  The  difference  of  0.35  Tesla  is  not  unreasonable  and  can  roughly  be 
explained  by  an  effective  size-effect-type  reduction  of  Js  by  about  0.2  Tesla  and  a  strain 
contribution  of  0. 15  Tesla  corresponding  to  a  residual  strain  of  1  %  |6],  which  in  turn  is  not 
unreasonable  for  the  film  thicknesses  used  smd  the  misfit  frcw  =  -  9.6%.  We  note  that  the 
subsequent  coverage  by  Cr  rather  changes  the  axial  section  than  the  slope.  Apparently,  the 
Cr-coverage  induces  a  transition  between  two  neighbouring  coincidence  structures  with 
resulting  minor  changes  of  volume  type  strain  anisotropy.  Second  order  in-plane  anisotropy 
fields  Flp  could  be  determined  from  the  initial  slope  of  hard  axis  loops  (like  Figure  lb);  they 
are  reported  elsewhere  (221. 

What  is  the  origin  of  the  exceptional  sign  and  magnitude  of  Ks'*'  One  might  suppose 
a  surface-type  contribution  of  residual  epitaxial  strain  anisotropies.  However,  this  is  of 
wrong  sign,  as  can  be  seen  qualitatively  from  Figure  2;  Residual  strain  anisotrc^y  is 
negative,  and  its  magnitude  certainly  increases  with  increasing  1/D,  so  its  surface 
contribution  is  negative,  too.  Clemens  et  al.  |22)  recently  made  this  argument  more 
quanti-ative  in  a  magnetoelastic  analysis  of  interface  misfit  dislocation  relaxation  in 
Mo(l  10)/Fe(l  10)-samples  (because  of  the  negligible  difference  of  0.(X)lnm  of  the  W  and 
Mo  lattice  parameters,  the  result  can  be  applied  to  the  present  case).  They  obtain  a  strain 
contribution  to  Ks  of  -  0.36-mJ/m2.  The  inclusion  of  this  contribution  would  even  increase 
the  true  interface  MSA  to  +  2. 1-mJ/m^.  One  might  further  suggest  that  the  broken 
symmetry  in  the  misfit  dislocation  cores  could  be  the  origin  of  an  additional  contribution  to 
MSA,  specific  for  the  misfitting  W/Fe-interface  and  therefore  missing  for  the  other 
interfaces.  This  is  improbable  in  view  of  the  out-of-plane  anisotropy  of  the  pseudomorphic 
monolayer  W(1 10)/lFe/Ag  [23),  /ioHl  =+  5  Tesla  (at  220K),  which  is  not  far  away  from 
the  -F  7  Tesla  which  result  from  the  data  of  Table  I  in  a  certainly  very  simple  model  of  the 
pseudomorphic  monolayer  as  a  system  with  a  W/Fe  and  a  Fe/Ag-interface,  and  a  reduced 
shape  anisotropy  of  about  1  Tesla.  Because  dislocations  are  absent  in  the  pseudomorphic 
monolayer,  this  argument  contradicts  the  idea  of  misfit  dislocabon  cores  as  origin  of  the 
outstanding  interface  anisotropy.  We  conclude  that  Ki^^  is  of  intrinsic  electronic  nature 
and  should  be  accessible  to  first  principles  calculations. 

In  conclusion,  we  have  shown  that  iron-films  on  CtfllO)  are  magnetized 
perpendicularly,  up  to  roughly  3  monolayers.  Fe-films  on  W(llO),  with  free  surface  or 
covered  by  Cu,  Ag,  Au  or  Cr,  are  asymmetric  with  respect  to  their  out-of-plane  MSA, 
which  is  easy  plane  and  of  outstanding  magnitude  for  the  W/Fe-interfoce  but  perpendicular 
for  the  other  interfaces.  For  coverage  with  Cr,  the  films  are  asymmetric  with  reflect  to  the 
in-plane  MSA,  too.  New  static  and  dynamic  magnetic  pn^rties  citn  be  expected  for  such 
films  with  asymmetric  MSA.  The  magnitutte  of  MSA  in  the  W/Fe-interfece,  =  1.7 
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mj/m^ ,  exceeds  all  values  of  MSA  repotted  before.  Apparentl>,  it  is  of  electronic  origin.  It 
is  a  challenge  for  first  principles  calculations  and  may  be  a  clue  in  the  search  for  strong 
interface  anisotropies  in  general. 
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ABSTRACT 

To  establish  the  structural  origins  of  the  perpendicular  magnetic  anisotropy 
in  Co-Pt  alloys,  a  variety  of  magnetic  and  structural  characterization  techniques 
have  been  utilized.  We  have  determined  that  the  development  of  out-of-plane 
magnetization  in  these  alloys,  strongly  depends  on  growth  temperature  and  in 
contrast  to  Co/Pt  multilayers,  the  highest  anisotropies  and  cocrcivities  are  observed 
in  polycrystallinc  alloys  with  negligible  preferred  crystallographic  orientation. 
Lattice  strain  measurements,  surface  roughness  determination  and  crystal  growth 
studies  indicate  that  contributions  from  magnctostriciive  and  magnetostatic 
contributions  to  the  perpendicular  anisotropy  in  these  alloys  arc  not  significant. 
HRTEM  and  synchrotron-based  x-ray  diffraction  experiments,  on  the  other  hand, 
confirm  the  existence  of  ordered  CoPtj  at  elevated  temperatures.  We  suggest  that  the 
strong  temperature  dependence  of  the  perpendicular  anisotropy  is  correlated  to  the 
onset  of  spontaneous  chemical  ordering  during  the  growth  which  results  in 
anisotropic  pair  ordering.  A  tentative  model  explaining  this  strong  temperature 
dependence  is  described. 

1.  INTRODUCTION 

The  presence  of  perpendicular  anist)tropy  in  Co-Pt  alloys  was  first 
demonstrated  by  Treves  et  al*".  In  their  work  they  demonstrated  that  the  formation 
of  the  teiragonally  ordered  Co,Pt|-LlQ  phase  was  key  to  the  development  of 
perpendicular  anisotropy.  Ordering  was  obtained  by  annealing  at  bWC 
their-sputtcr  deposited  alloy  films.  More  recently,  Lin  and  Gorman*^'  reported 
perpendicular  ani.sotropy  in  evaporated  Co,  ^Pt^^  near  the  1:3  composition.  In  their 
work,  they  found  that  fee  [III]  texturing  promoted  by  growing  the  alloys  on  Pt 
buffer  layers  at  growth  temperatures  of  around  200‘’C  was  required.  Further  studies 
by  Weller  ct  al'-’*  on  the  magnetic  and  magneto-optical  properties  of  these  alloys 
indicates  that  the  intrinsic  Kerr  rotation  of  said  alloys  at  short  warcicngths  is 
considerably  higher  than  equivalent  multilayers  containing  the  same  volume  content 
of  Co  atoms.  This  makes  this  class  of  materials  extremely  attractive  for  high  density 
magneto-optical  recording. 

To  stuily  the  origins  of  the  perpendicular  anisotropy,  we  have  utilized  in  this  work, 
MBE  growth  of  Co^Pt,.,  {x~0.25)  alloy  films  deposited  onto  substrates  of 
amorphous  carbon,  amorphous  SiN  and  fused  silica  at  temperatures  ranging  from 
30  to  .‘i()0'’C.  The  results  are  compared  with  those  for  highly  [111]  oriented  epitaxial 
alloy  films  grown  onl<»  basal-plane  sapphire  substrates  under  identical  conditions. 

EXPERIMENTAL  TEC  UNIQUES 

The  films  were  grown  in  a  MBE  .system  (VG  Scmicon-Fisons  VG  SOM)  in  a 
background  pressure  of  below’  2x10  Torr.  Co-evaporation  from  electron  beam 
sources  for  Co  and  Pi  was  used  and  the  respective  growth  rales  were  *0.0.t4A/s  for 
Mat.  Hat.  Soc.  Symp.  Proc.  Vol.  313.  '  1993  Malarlala  Reaaarcli  Society 
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Co  and  !%i0.llA/s  for  Pt.  Films  of  ~200A  thick  were  deposited  onto  a  variety  of 
amorphous  substrates  including  amorphous  carbon  films  (~IOOA  thick)  on  mica  and 
SiN  films  on  amorphous  carbon  on  mica.  Foils  for  transmission  electron  microscopy 
were  formed  by  simply  detaching  the  carbon  films  from  mica.  This  method  worked 
for  a  wide  range  of  substrate  temperatures  from  30  to  .SOO'C  permitting  the 
structural  examination  of  alloy  films  grown  within  this  temperature  range. 
Additionally,  films  were  grown  directly  onto  silica,  carbon  on  silica,  SiN  on  silica, 
carbon  on  silicon  [III],  silicon  [111],  SiN  on  basal-plane  sapphire,  basal-plane 
sapphire  and  basal-plane  sapphire  that  was  subjected  to  Ar'^-ion  etching  prior  to  the 
Co-Pt  alloy  deposition  in  order  to  amorphize  the  topmost  layers  of  the  substrate. 
The  magnetic  properties  of  the  films  were  studied  using  polar  Kerr  magnetometry, 
VSM  and  torque  magnetometry.  Transmission  electron  microscopy  was  carried  out 
using  JEOL  4000EX  (400keV)  and  Akashi  (200keV)  electron  microscopes.  Surface 
morphology  and  roughness  were  examined  by  atomic  force  microscopy  (AFM). 
X-ray  diffraction  studies  were  carried  out  utilizing  lioth  a  Siemens  diffractometer  for 
6-26  scans  and  synchrotron  radiation.  The  latter  were  performed  on  beamline  7-2 
at  the  Stanford  Synchrotron  Radiation  Laboratory  (SSRL).  A  Huber  4-circlc 
diffractometer  was  used  in  .symmetric,  a.symmetric  and  grazing  incidence  modes. 
Photon  energies  of  9987  eV  were  used.  The  in-planc  lattice  parameter  measurements 
were  performed  in  the  grazing  incidence  mode*^\  Out  of  plane  lattice  parameters  and 
rocking  curves  were  measured  in  the  standard  symmetric  geometry. 

EXPERIMENTAL  RESULTS 

The  strong  influence  of  the  growth  temperature  on  magnetic  properties  is 
shown  in  Figure  1,  which  presents  polar  Kerr  loops  (measured  at  633nm),  rotation 
and  cocrcivitics  from  a  series  of  films  of  composition  xa!0.24  ,  200A  thick  grown  at 
different  growth  temperatures  onto  carbon  on  mica.  There  is  a  progressive  increase 
in  perpendicular  anisotropy  and  cocrcivity  from  30  to  300°C.  Above  this  temperature 
the  perpendicular  anisotropy  and  cocrcivity  collapse  and  the  anisotropy  is  in-planc 
at  SOO^C.  This  trend  was  also  found  for  films  grown  directly  onto  basal-plane 
sapphire  substrates.  In  the  latter  case  the  films  were  highly  oriented  with  [111]  as 
the  growth  axis. 

Following  our  work  on  Co/Pt  multilayers  which  established  the  strong  influence  of 
growth  orientation  on  the  perpendicular  anisotropy*^',  we  investigated  the  influence 
of  growth  orientation  on  CojjPt^j  alloys  grown  at  SIKfC.  Growth  on  basal-plane 
[0001]  sapphire  yielded  [111]  oriented  alloys,  whereas  [110]  SrTiOj  and  [001] 
NaCI  substrates  were  .selected  to  orient  the  alloys  along  the  [110]  and  [001]  axes. 
In  all  cases  the  alloys  exhibited  perpendicular  anisotropy  and  the  only  significant 
difference  was  the  magnitude  of  the  cocrcivity  and  the  squareness  of  the  Iwps.  A  full 
report  on  the  magnetic  and  structural  properties  of  these  epitaxial  alloys  grown  along 
different  cystallographic  orientations  will  be  published  elsewhere*'’'.  Growth  at  the 
same  temperature  on  amorphous  substrates  such  as  silica  resulted  in  even  higher 
values  of  the  coercive  force  and  the  highest  magnitude  of  the  anisotropy. 

The  temperature  dependence  of  the  ewreivity  for  epitaxial  and  polycrystallinc  films 
is  shown  in  Figure  2.  It  is  clearly  seen  that  the  cocrcivity  peaks  at  a  growth 
temperature  of  aiSOO'C  for  both  sets  of  films,  however,  the  maximum  value  of  the 
epitaxial  films  is  significantly  lower.  The  magnitude  of  the  perpendicular  anisotropy 
in  both  sets  of  films  displays  the  same  behavior.  To  further  study  llie  cITcct  of  texture 
and  orientation  on  anisotropy,  another  scries  of  alloys  were  grown  at  .3tK)'’C 


Polycry*tQllin«  200A  CoPfj/C/Mtca 


Figure  I.  Polar  Ken  Hysterisis  loops  for  CoPt,  deposited  on  carbon  (20  mn)/mica 
substrates. 


Figure  2.  CoerciWty  »s.  substrate  temperature  for  polycrystalline  and  epitaxial  CoPt 
films. 
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Figure  3.  Perpendicular  anisotropy  of  stoicMometrically  identical  Co-Pt  alloys  near  the 
1:3  composition  grown  on  various  substrates.  Only  the  growth  on  sapphire  is  epitaxial. 

simultaneously  on  the  following  substrates:  basal-plane  sapphire,  amorphizeil 
sapphire  (by  Ar'^-ion  etching),  sapphire  with  an  overlayer  of  amorphous  SiN  (40  nm 
thick),  and  silica  also  with  an  overlayer  of  SiN.  Note  that  we  use  "quartz"  as  a 
synonym  for  fused  silica  elsewhere  in  this  paper. 

Figure  3,  gives  the  magnitude  of  the  perpendicular  anisotropy  for  these  alloys  of 
identical  stochiometry  and  growth  history.  The  measurements  were  performed  in 
fields  up  to  20  kOauss  and  the  anisotropy  values  were  obtained  by  extrapolating  to 
infinite  field  using  the  4.3°  method  of  Miyajima  e*  af^'.  It  is  evident  that  the 
maximum  anisotropy  is  observed  for  ion-epitaxial  alloys  grown  on  amorphous  SiN 
underlayers.  The  data  gives  the  total  anisotropy  and  includes  the  demagnetizing 
energy.  Background  substraclion  for  both  substrate  and  the  holder  arrangement  has 
been  performed.  The  error  bars  correspond  to  uncertainties  in  the  estimate  of  the 
sample  volume.  Note  that  the  corresponding  room  temperature  cocrcivities  for  these 
samples  were  measured  to  be:  1.3  kOc,  4.7  kOe,  ,S.2  kOe  and  .3.4  for  the  structures 
grown  on  basal-plane  sapphire,  etched  sapphire.  SiN/sapphire  and  SiN/’quartz 
respectively.  In  all  cases  the  hysterisis  kmps  showed  100%  remanence  at  room 
temperature. 

In  Figure  4,  the  corresponding  rocking  curves  for  these  alloys  tc  given.  These  were 
taken  around  the  symmetric  [III]  reflection.  The  F'WHM  of  these  curves  are 
correlated  with  the  anisotropy  values.  For  the  sample  on  sapphire,  the  FVSTIM  is 
0..3°,  whereas  the  etched-sapphire  sample  exhibits  a  FWMM  of  8. .3°.  The  two 
samples  grown  on  the  SiN  underlayers,  display  no  obvious  single  maxima  to  which 
a  peak  can  be  fitted  but  they  clearly  have  even  a  larger  distribution  of  directions  and 
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Figure  4.  X-ray  rocking  curves  for  fhe  symmelric  [III]  reflection  from  the  alloy  peak. 
The  FWHM  for  the  epitaxial  alloy  Is  0.5°.  The  samples  with  highest  anisotropy  show 
FWIIM  in  excess  of  20°. 

the  FWHM  exceeds  20°.  Note  that  the  lattice  constant  of  CoPtj  (3.829A)  is  only  2% 
smaller  than  the  In-plane  .spacing  of  hollow  .sites  in  the  surface  of  sapphire.  This 
geometric  fit  leads  to  highly  oriented  [1 1 1]  growth  of  CoPtj  on  sapphire.  In  fact,  the 
film  grows  with  a  I80°  twinning  of  Pt  ab<iut  the  [III]  axis. 

The  polycrystalline  films  have  a  much  greater  nnim  temperature  coercivity  than 
epitaxial  one.s:  5.4  kOe  for  growth  on  SiN/quartz  vs.  1.3  kOe  for  direct  growth  on 
sapphire.  This  behaviour  contrasts  with  that  for  Co/Pt  multilayers'-'’  where  for  films 
without  [111]  texture  the  magnetic  anisotropy  was  in-planc  for  Co  thicknesses 
S5A. 

Transmission  electron  microscopy  studies  were  carried  out  on  alloy  films  grown  onto 
carbon  on  mica  at  30,  100,  200,  300,  400  and  500°C.  In  addition,  films  grown  onto 
SiN  on  carbon  at  300°C  were  also  examined.  It  was  found  that  the  grain  size  of  the 
films  increased  smoothly  with  temperature  but  that  there  was  a  greater  spread  in 
grain  size  for  the  films  grown  above  300°C.  These  results  are  described  in  Reference 
(8)  and  the  most  salient  result  for  films  grown  above  300°C,  is  the  ob.servation  of 
extra  diffraction  spots  in  addition  to  the  alloy  diffraction  rings,  which  correspond  to 
superstructure  diffraction  from  the  chemically  ordered  Llj  phase.  As  discussed  in 
our  TEM  study'*’,  isolated  clusters  of  this  phase  were  observed  in  films  grown  at 
500°C.  At  400°C  the  clusters  are  more  dispersed  whilst  at  300°C  they  are  barely 
detectable  by  TEM  diffraction  or  imaging.  However,  recent  synchrotron  X-ray 
diffraction  studies'’’  has  confirmed  that  chemical  ordering  is  present  in  both 
polycrystalline  and  epitaxial  alloy  films  grown  at  300°C.  The  coherence  length  for 
chemical  ordering  at  300°C  is,  however,  very  short  (<8A). 
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Substrate 

Figure  5.  Percentage  strain  in  the  ailoys  of  flgure  4.  The  vaiues  were  obtained  from 

measurements  of  in-and-out-of-piane  iattice  parameters. 

Surface  roughness  mcasurcmcnls  were  made  by  atomic  force  microscopy  (AFM) 
measurements  of  the  difference  between  the  highest  and  lowest  points  within  the 
studied  area  (.500nm  x  500nm)  yielded:  4.8  nm,  2.7  nm,  4.3  nm  and  .'5.3  nm  for 
growth  on  sapphire,  etched-sapphire,  SiN/sapphirc  and  SiN/quartz  respectively.  The 
grain  size  in  all  cases  is  comparable  and  there  appears  to  be  no  apparent  correlation 
with  the  magnitude  of  the  total  perpendicular  anisotropy  here  reported. 

DISCUSSION 

Similarities  in  grain  size  and  roughness  for  the  alloys  with  high  out-of-plane 
anisotropy  indicates  that  magnetostatic  contributions  on  account  of  intergrain 
exchange  interactions  is  not  the  driving  mechanism  for  the  origin  and  the  strong 
growth-temperature  dependence  of  the  magnetic  anisotropy  in  these  alloys.  At 
~300°C,  the  alloys  are  essentially  disordered  fee  structures  with  grain  sizes  ranging 
from  7,.5  nm  to  20  nm.  To  check  whether  lattice  strain  induced  by  grain  growth 
could,  via  magnetostriction,  induce  the  large  perpendicular  anisotropy, 
measurements  of  lattice  strain  were  conducted.  Both  in-plane  and  out-of-plane 
lattice  parameters  were  deduced.  The  results  are  presented  in  Figure  5  and  arc  given 
as  percentage  of  strain  for  the  alloys  of  identical  stoichiometry  and  growth  hi.'^tory. 
It  is  evident  from  the  Figure  that  the  degree  of  strain  is  small  and  docs  not  follow  the 
magnetic  behavior  here  reported. 

The  development  of  perpendicular  anisotropy  may  be  related  to  the  onset  of  partial 
chemical  ordering<’®>  in  the  Film  at  ~300'’C.  At  this  temperature  a  dispersion  of  the 
ordered  phase  exists<’>  and  the  coherence  length  of  this  phase  may  be  anisotropic.  If 
the  ordered  regions  are  lamellar  and  parallel  to  the  Film  plane  then  more  Co-Co  pairs 
will  exist  along  the  Film  normal  since  the  ordered  phase  contains  no  Co-Co  nearest 
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neighbors.  This  could  give  the  uniaxial  anisotropy  observed.  At  temperatures  below 
30()°C  there  is  negligible  ordering  whilst  at  temperatures  above  .t(X)°C  the  ordered 
regions  may  become  condensed  into  clusteis,  via  both  lateral  and  vertical  diffusion. 
The  anisotropy  in  coherence  length  will  then  be  suppressed  leading  to  a  peak  in 
perpendicular  anisotropy  with  substrate  temperature,  as  we  observe.  This  idea  is 
tentative  and  we  are  conducting  further  structural  studies  to  determine  whether 
indeed  macroscopic  structural  anisotropy  exists  in  these  alloys  E,XAF.S 

measurements  with  the  Q-vcctor  in  and  out  of  plane  of  the  sample  surfaces  are 
planned  to  establish  this  mechanism  as  the  origin  of  the  pverfvcndicular  anisotropy  in 
these  alloys. 

CONCLUSIONS 

We  have  investigated  the  structural  origins  of  the  laige  perpendicular 
anisotropy  in  Co-Pt  alloys  near  the  1:3  composition  utilizing  a  variety  of  stiuctural 
and  magnetic  probes.  We  have  established  that  larger  anisotropies  and  rtatm 
temperature  coercivities  are  derived  when  the  alloys  are  grown  on  amorphous 
underlayers  or  substrates.  This  results  in  non-oriented  polycrystalline  films  and  the 
largest  values  of  anisotropy  and  ctrcrcivity  arc  measured  in  films  grown  at  ^.3fK)°C. 
Our  experimental  results  indicate  that  contributions  from  magnetostatic  and 
magnctostrictive  contributions  arc  small  and  do  not  constitute  the  main  source  of  the 
anisotropy  in  these  alloys.  TEM  and  synchrotron-diffraction  data  indicates  that  the 
onset  of  chemical  ordering  combined  to  changes  in  the  growth  mtxic  of  these  films 
at  different  temperatures,  may  be  the  source  of  this  anisotropy. 
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Abstract 


Magnetic  properties  of  ultrathin  Fe  and  Fe^Uu,  alloy  films  on  Au(l  1 1)  were  studied  by 
SQUID  magnetometry  and  conversion  electron  Mdssbauer  spectroscopy.  In  order  to  get 
information  on  the  influence  of  interdiffusion,  iron  films  with  thin  alloy  zones  at  the  inter¬ 
faces  to  Au  have  been  prepared  by  co-evaporation  of  iron  and  gold  and  compared  with  iron 
films  with  presumably  sharp  interfaces.  It  was  found  that  the  presence  of  an  O.S  ML  (mass 
coverage  in  monolayer)  alloy  zone  reduces  the  effective  magnetic  interface  anisotrtqiy  field 
and  affects  the  growth  mode  of  a  subsequently  deposited  iron  film  such  that  the  film  is  more 
sensitive  to  annealing.  Groundstate  magnetic  moments  and  hyperfine  fields  are  significantly 
enhanced  in  Fe/Au(lll)  (tf,  <  4  ML)  and  Fe^uw  Elms,  compared  to  bulk  Fe. 


1.  Introduction 


Ultrathin  epitaxial  Fe  films  grown  on  Au(l  1 1)  show  remarkable  magnetic  properties  like 
enhanced  groundstate  magnetic  moments  and  a  pronounced  magnetic  interface  anisotropy 
with  the  easy  axis  perpendicular  to  the  film  plane'.  While  for  an  iron  thickness  if,  >  10  ML 
it  is  well  known  that  iron  grows  in  a  bcc  lattice  with  the  Fe(llO)  plane  parallel  to  the 
Au(lll)  plane,  the  lattice  structure  for  films  with  if,  <  10  ML  is  controversial.  Some 
authors  state  that  Fe  grows  in  the  bcc(llO)  phase  from  the  fir.t  layer  uif,  while  others  find 
a  pseudomorphic  growth  of  fee  Fe  up  to  3-4  ML  where  a  transition  to  the  bcc  phase  sets  in’. 
In  any  case  it  is  to  be  expected  that  the  growth  mode  is  affected  by  the  preparation  conditions 
and  should  manifest  itself  in  the  magnetic  properties  of  the  sample. 

In  our  Fe/Au(l  1 1)  films  we  found  a  significant  dependence  of  the  effective  magnetic 
surface  anisotropy  field,  on  the  substrate  temperature  during  Elm  growth,  7}.  In  epitaxial 
Elms  grown  at  =  310  K  we  observe  the  largest  value  of  |Wsl  =  40  ±  3  kOe.  This  value 
is  large  enough  to  turn  the  magneEzaUon  perpendicular  to  the  Elm  plane  if  the  thickness  is 
smaller  than  3  ML.  For  Tj  =  450  K  we  obtain  lHj|  =  13  ±  5  kOe.  This  reduction  of  the 
effective  magnetic  interface  anisotropy  field  can  be  explained  in  terms  of  an  interdiffusion  of 
Fe  and  Au  at  the  interface  or  by  a  more  three  dimensional  growth  mode  at  higher  substrate 
temperatures.  In  order  to  study  the  influence  of  interdiffusion  on  the  magnetic  properties  we 
prepared  epitaxial  ultrathin  iron  films  with  thin  (0.5  or  2  ML)  FeAu  alloy  zones  at  the 
interfaces  by  co-deposition  of  Fe  and  Au.  We  found  |Wj|  =  17  ±  5  kOe  (for  T,  =  310  K). 
In  addition,  for  the  identification  of  an  alloy  component  and  its  contribution  to  the  magnetic 
behaviour  of  the  film  pure  FeAu  alloy  films  have  also  been  investigated.  SQUID  magneto¬ 
metry  was  used  to  determine  integral  magnetic  properties  (average  magnetic  moment  and 
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magnetic  anisotropy)  and  Mossbauer  spectroscopy  to  get  information  about  local  variations 
of  magnetic  order  via  the  hypeiTine  field. 


2.  Experiment 


Three  types  or  films  were  prepared  by  Molecular  Beam  Epitaxy  (p  <  1  •  10^  Pa;  iron 
enriched  to  more  than  95%  in  ”Fe):  ultrathin  Fe  films  (tf,  £  4  ML),  Fe^oAu,,,  alloy  films 
(W«  *  60  ML)  and  Fe  films  (tp,  £  4  ML)  with  thin  Fe^AUju  aJ'oy  rones  at  the  interfaces. 
All  films  were  deposited  on  a  400  ML  Au(lll)  substrate  film,  which  in  turn  was  grown  on 
a  very  smooth  fused  quart!  substrate,  and  covered  by  a  protective  layer  of  Au  (t  •  SO  ML). 
The  alloy  zones  have  a  nominal  thickness  of  either  0.5  ML  or  2ML  at  each  interface.  The 
preparation  of  alloy  films  and  alloy  zones  was  done  by  controlled  co-evaporation  of  Fe  and 
Au.  All  thickness  values  are  to  be  understood  as  mass  coverage  (determined  in  situ  by 
quartz  crystal  monitors  and  ex  situ  by  X-ray  fluorescence)  assuming  bulk  density. 

Spontaneous  groundstate  average  magnetic  moments  (/i)  and  the  effective  magnetic 
interface  anisotropy  field,  Wj,  were  determined  by  SQUID  magnetomelry  (4K  s  T  <  400K; 
-SOkOe  S  W  ^  50kOe).  The  CEMS  spectra  were  measured  with  a  cryogenic  proportional 
counter.  By  automatic  control  of  He  gas  flow,  pressure,  temperature  and  gas  gain,  it  allows 
measurements  in  a  temperature  range  from  77  K  to  300  K. 


3.  Resi/lts  and  Disa;.<isiON 


Fitting  the  spectra 


A  typical  Fe^oAuw  alloy  spectrum  is  shown 
broad  doublet  (dotted  line)  and  an  asymmetri¬ 
cally  broadend  sextet  (dashed  line).  Each  of 
these  subspectra  itself  is  a  superposition  of 
several  subspectra  with  different  values  for 
the  hyperfine  interactions  (isomer  shift  8^,, 
magnetic  hyperfine  field  H,,,  and  quadrupol 
splitting  ^i„)  corresponding  to  varying  local 
environments.  We  could  fit  the  spectra  with 
good  precision  using  the  simple  alloy  model 
of  Billard  and  Chambered''  for  the  sextet  sub¬ 
spectra  (alloy-sextet),  assuming  a  purely  ran¬ 
dom  alloy.  The  model  takes  into  account 
isotropic  (8,  for  the  isomer  shift  and  h^  for 
the  magnetic  hyperfine  field)  and  anisotropic 
(A  for  the  electric  field  gradient  and  for  the 
magnetic  field)  contributions  from  nearest 
neighbour  (NN)  atoms.  For  a  random  alloy 


in  figure  1.  The  spectrum  is  the  sum  of  a 


VELOCITY  (mm/s) 

Fig.  L 

Typical  alloy  spectrum.  Subspectra  used  for 
the  fit;  broad  doublet  (dotted  line),  asym¬ 
metrically  broadend  sextet  (dashed  line), 
generated  by  a  random  alloy  model 
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with  N  nearest  neighbour  lattice  sites  the  anisotropic  contributions  lead  to  an  effective  line 
broadening  of  N  subspectra  for  which  the  local  isomer  shift  6^  and  the  local  magnetic 
hyperfine  field  depend  on  the  number  Zf,  (0  5  Zf,  <  N )  of  iron  atoms  on  the  NN  lattice 
sites: 


=  *0  z<..-  *1 


Fits  were  performed  both  for  bcc  (N  =  %)  and  fee  (fV=l2)  lattices.  For  the  fee  lattice  we 
obtain  S-  =  -0.02  ...  -0,05  mm/s  arid  h,  =  0.7  ...  1.2  Tesla.  For  the  bcc  lattice  these 
numbers  have  to  be  multiplied  with  a  factor  of  3/2.  The  signs  of  3,  and  b,  mean  that  if  on  a 
NN  lattice  site  an  Fe  atom  is  replaced  by  a  Au  atom  the  isomer  shift  is  increased  (by  reduc¬ 
tion  of  the  s-electron  density)  and  the  magnetic  hyperfine  field  is  decreased.  The  values  we 
found  for  3,  are  in  accordance  with  Window 's  Mossbauer  stud/  of  Fe.Au,.,  alloys  (x  =  0.02 
...  0.4). 

For  fitting  the  spectra  of  the  ultrathin  iron  films  (with  and  without  alloy  zones  at  the 
interfaces)  we  used  the  same  subsptectra  (doublet,  alloy-sextet)  as  for  the  alloy  spectra,  plus 
another  symmetrical  sextet  in  order  to  take  into  account  the  higher  number  of  iron  atoms  with 
mostly  iron  nearest  neighbours. 


Annealing 


Annealing  the  films  for  one  hour  at  400  K  causes  an  increase  of  the  relative  intensity  of 
the  doublet  in  the  CEMS-spectra  of  the  alloy  films  and  the  Fe  films  with  alloy  zones  at  the 
interfaces.  At  the  same  time  no  significant  changes  can  be  observed  in  the  parameters  of  the 
sextet  subspectra  (except  for  their  relative  intensity). 

For  58  ML  FcjoAuio  the  doublet  intensity  is  12%  both  in  spectra  measured  at  77  K  and 
300  K  prior  to  annealing.  After  annealing  it  is  30%  at  77  K  and  45%  at  300  K.  In  a  4  ML 
Fe  film  with  2x0,5  ML  alloy  zone  at  the  interfaces  we  find  an  increase  from  1 1  %  before  to 
20%  after  annealing.  Since  the  doublet  line  width  decreases  with  increasing  temperature  (in 
case  of  the  alloy  film  from  1.33  +  0.04  mm/s  at  77  K  to  0.74  ±  0.01  mm/s  at  300  K)  we 
attribute  the  doublet  to  small  superparamagnetic  particles.  Then,  annealing  must  cause  a 
structural  change  in  a  way  that  more  superparamagnetic  particles  are  formed.  This  is  consi¬ 
stent  with  our  observation  that  annealing  does  not  alter  the  groundsiate  average  magnetic 
moment  of  the  alloy  films. 


Influence  of  the  alloy  zone  on  subsequently  grown  iron 


The  presence  of  0.5  ML  alloy  zone  at  the  interfaces  reduces  the  magnetic  interface 
anisotropy  field  |/fs|  from  40±3  kOe  to  17+5  kOe.  Expanding  the  thickness  of  the  alloy 
zone  from  0.5  ML  to  2  ML  does  not  cause  a  further  reduction  of  I//5I.  Similarly,  in  Moss¬ 
bauer  spectra  measured  after  annealing  the  films  for  one  hour  at  400  K  the  presence  of  the 
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Fi^.  2:  Spectra  of  ultrathin  Fe  films 
containing  approximately  4  ML  iron  and 
alloy  zones  of  varying  thickness 


alloy  zone  is  indicated  by  a  significant  'icrease 
of  the  relative  intensity,  4.  of  the  doublet. 
Figure  2  shows  spectra  of  films  with  a  total 
iron  thickness  (iron  contained  in  the  iron-  and 
alloy-layers)  of  about  4  ML  and  varying  alloy 
zone  thickness.  For  the  4  ML  Fe  film  with 
sharp  interfaces  (fig.  2a)  we  obtain  a  doublet 
intensity  of  Ig  =  4%.  For  a  4  ML  film  with  an 
alloy  zone  thickness  of  O.S  ML  (fig.  2b)  it  is 
19%  while  only  11%  of  the  total  iron  in  this 
film  is  contained  in  the  alloy  zone.  On  the 
other  hand  in  a  2.2  ML  Fe  film  with  2  ML 
thick  alloy  zones  (fig.  2c)  4  is  still  20%, 
though  in  that  case  almost  50%  of  the  iron  is 
within  the  alloy  zone.  This  means  that  Jp  is  not 
proportional  to  the  alloy  zone  thickness.  Thus 
there  is  no  one-to-one  correspondence  of  the 
doublet  intensity  and  the  amount  of  iron  in  the 
alloy  zone.  Instead,  the  alloy  zone  affects  the 
growth  mode  of  the  Fe  film  in  a  way  that  the 
iron  layers  themselves  contribute  to  the  doublet 
intensity.  It  is  possible  that  interdiffusion  bet¬ 
ween  the  substrate  and  protective  Au  layers  and 
the  iron  film  is  enhanced  by  a  higher  concen¬ 
tration  of  lattice  defects  due  to  the  alloy  zone. 


Temperature  dependence  of  the  average  magnetic  hyperfine  field 


For  a  4  ML  Fe  film,  a  58  ML  Feii„Au4„  film  and  a  2.2  ML  Fe  film  with  2  ML  alloy  zones 
we  determined  the  average  values  {H^}  of  the  effective  magnetic  hyperfine  field  at 
various  temperatures  between  77  and  300  K. 

The  values  are  plotted  in  figure  3.  Table  I 
presents  the  result  of  fitting  relation  (2)  to 
the  data,  with  the  groundstate  average  ma¬ 
gnetic  hyperfine  field //,j^(0),  the  spinwave  **‘'■1 

parameter  B  and  the  exponent  x  as  the  fit 
variables. 


(T»»ia) 
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<H^T)>  =  <H^(Q)>ll-BT’] 


(2) 
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34' 

32- 
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zsi 

ZBi 
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O.tML  Fe  2x2ML  FeAu  ' 


From  table  I  it  can  be  seen,  that  clearly 
shows  a  -dependence  (within  the  uncer¬ 
tainty  of  the  fit),  and  that  for  ail  films 
(0)  and  B  are  considerably  increased  compa¬ 
red  to  the  values  of  bulk  iron. 

The  enhancement  of  the  spinwave  para¬ 
meter  is  caused  by  a  reduction  of  the  aver- 
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Fig.  3:  temperature  dependence  of  the 
average  hyperfine  field  (H,^)  of  thin  FeAu 
alloy  films  and  Fe  films  with  and  without 
alloy  zones  at  the  Fe/Au  interfaces 


Table  I 


Croundstate  value  spinwave  parameter  S,  and  exponent  x  for  the  temperature 

dependence  of  the  effective  hyperfine  field  in  thin  Fe  and  FeAu  alloy  films  on  Au(l  1 1) 
in  comparison  with  bulk  o-iron. 


film 

H,ff(0)  in  Tesla 

B  in  10’  K  ’'2 

X 

1  ML  Fe  -F  2x2  ML  FeAu 

35.5  ±  0.1 

5.6  ±  O.I 

1.52  ±  0.01 

4  ML  Fe 

37.2  ±  0.2 

4.0  ±  0.5 

1.46  ±  0.06 

58  ML  FeBoAu4o 

36.4  ±  0.2 

1.0  ±  0.1 

1.6  ±  0.1 

bulk  a-iron 

33.9 

0.5 

3/2 

age  exchange  energy  per  iron  atom  which  is  (for  a  Heisenberg  ferromagnet)  approximately 
proportional  to  the  average  number,  (z^,),  of  iron  atoms  on  nearest  neighbour  lattice  sites. 
First,  (Zf,)  is  reduced  by  occupatio;-.  of  NN  sites  with  Au  atoms  in  the  alloy  and  second,  it  is 
reduced  further  due  to  the  Au  interfaces  as  the  film  thickness  is  decreased. 

Along  with  the  groundstate  average  hyperfine  fields,  enhanced  average  magnetic  moments 
are  found.  For  the  58  ML  alloy  film  we  find  {/i)  =  2.8  +  0.3  Mb-  Th's  can  be  understood 
considering  Felsch's  work*.  He  studied  Fe,Au,.,  alloy  films  (x  =  0  ...  1)  by  XRD  and 
magnetometry.  In  films  with  bcc  structure  (x  >  0.6)  he  found  groundstate  magnetic  moments 
close  to  the  bulk  value,  whereas  for  lower  Fe  concentrations  (0.45  <  x  <  0.6)  he  found 
structure  and  moments  of  about  2.9  pe-  Thus,  the  high  magnetic  moment  indicates  that  the 
structure  of  the  alloy  film  is  fee,  which  is  also  compatible  with  the  nominal  composition  of 
60at%  Fe  and  40at%  Au.  Furthermore  the  subspectra  used  in  our  fit  do  not  include  a  spec¬ 
trum  which  would  correspond  to  bulk  iron  (zero  isomer  shift  and  =  33.9  Tesla  and 
33.0  Tesla  at  77  K  and  300  K  respectively).  Indeed  each  subspectrum  (including  the  doublet) 
has  an  isomer  shift  of  more  than  0. 1  mm/s  with  respect  to  a-iron.  We  conclude  that  no  larger 
a-iron  precipitates  are  contained  in  the  alloy  film  and  that  in  this  sense  the  alloy  may  be 
considered  'homogenous'. 

It  should  be  pointed  out  that  groundstate  magnetic  moments  and  hyperfine  fields  are  not 
enhanced  equally,  (p)  is  increased  by  27%  compared  to  the  bulk  value  of  2.2  p,,,  while  the 
H^is  enhanced  by  only  7%.  'This  can  be  explained  by  the  fact  that  there  are  several  contribu¬ 
tions  to  the  magnetic  hyperfine  field:  =  H^  +  H„  +  where  H„  and  are  the 

contributions  from  core  polarization,  conduction  electrons  and  magnetic  dipole  fields,  re¬ 
spectively.  While  is  proportional  to  the  local  magnetic  moment,  //„,  and  thus  will 
also  strongly  depend  on  the  configuration  of  neighbour  atoms  and,  hence,  not  be  proportional 
to  the  moment. 

For  the  1  ML  iron  film  with  2  ML  alloy  zones  (W^O))  is  smaller  than  in  the  58  ML 
alloy  film,  while  for  the  magnetic  moment  we  still  obtain  2.8  ±  0.3  pg.  This  can  be  under¬ 
stood  in  the  light  of  the  alloy  model  (see  equ.  1)  where,  for  a  given  structure,  depends 
linearly  on  the  average  number,  (z^,),  of  iron  atoms  on  nearest  neighbour  lattice  sites  if  we 
assume  Hgto  be  constant.  If  during  annealing  an  interdiffusion  between  the  Au  of  substrate 
and  covering  layer  and  the  film  takes  place  this  will  result  in  a  smaller  (Zf,),  thereby  reducing 


For  the  4  ML  Fe  film,  the  value  of  (H^O))  =  37.2  Tesla  results  from  large  hyperfme 
fields  in  both  the  interface  and  the  center  layers  (assuming  a  smooth  continuous  film). 
Determining  the  groundstate  values  for  the  hyperfme  fields  of  the  two  sextets  which  we 
attribute  to  interface  (6  =  0.24±0.01  mm/s)  and  center  layers  (6  =  0.11+0.01  mm/s),  we 
obtain  36.9  ±  0.2  Tesla  for  the  interface  and  37.5  +  0.2  Tesla  for  the  center  layers.  Isomer 
shift  and  hyperfme  field  of  both  sextets  defmitly  differ  from  those  of  an  a-iron  sextet  what 
may  be  evidence  for  the  presence  of  an  fee  Fe  phase.  This  is  somewhat  unexpected,  since  it 
is  in  contrast  to  the  results  for  an  Fe(U0)/Ag(lIl)  film’,  where  the  two  center  layers  could 
be  identified  as  a-iron,  and  is  enhanced  only  for  the  interface  layers.  It  seems  also 

to  be  in  contrast  to  the  interpretation  of  our  earlier  magnetometer  measurements',  where, 
varying  the  iron  thickness  from  t^-,  <  1  ML  (where  we  might  have  fee  iron)  to  r^,  >  50  ML 
(where  we  certainly  have  bcc  Fe(l  I0)/Au(l  II))  no  discontinuity  in  the  magnetic  moments  or 
the  magnetic  anisotropy  could  be  found,  which  would  be  expected  for  a  switch  from  a  fee  to 
a  bcc  phase.  In  order  to  clarify  to  what  extent  slightly  differing  preparation  condition  can 
result  in  different  film  structure,  more  detailed  experiments  combining  LEED,  MEED, 
CEMS,  STM  are  under  way. 


4.  Sl'mm\rv 


Using  SQUID  magnetoiiietry  and  CEMS  we  studied  magnetic  and  structural  properties  of 
epitaxial  ultrathin  Fe  films  on  Au(l  1 1),  thin  Fe«>Au«)  alloy  films  and  ultrathin  Fe  films  with 
alloy  zones  at  the  Fe/Au  interfaces.  The  alloy  zone  thicknesses  were  either  0.5  ML  or  2  ML. 

FeAu  alloy  films  and  iron  films  with  or  without  alloy  zones  at  the  interfaces  show 
ferromagnetic  ordering  with  a  T’'’  temperature  dependence  of  the  effective  magnetic  hyperfi- 
ne  field.  Groundstate  magnetic  moments,  groundstate  hyperfme  fields  and  spinwave  excitation 
are  significantly  enhanced  in  comparison  with  bulk  iron. 

In  alloy  films  and  Fe  films  with  alloy  zones,  annealing  at  400  K  causes  a  structural 
modification  which  has  no  influence  on  the  magnetic  moment  but  is  indicated  by  a  doublet  in 
the  Mossbauer  spectra  and  interpreted  by  formation  of  small  superparamagnetic  particles. 

Compared  to  Fe  films  with  smooth  interfaces,  Fe  films  with  alloy  zones  at  the  interfaces 
show  a  reduced  magnetic  surface  anisotropy  field  |  Wj|  and  a  much  stronger  doublet  intensity. 
Since  there  is  no  significant  difference  in  the  properties  of  films  with  0.5  ML  and  2  ML  alloy 
zones,  we  conclude  that  the  presence  of  only  0.5  ML  alloy  zone  critically  affects  the  growth 
mode  of  subsequently  deposited  iron,  leading  to  a  structure  which  is  less  stable  under  annea¬ 
ling  than  in  Fe  films  with  sharp  interfaces. 
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THE  MICROSTRUCTURE  OF  Fe^Cj  FORMED  AT  300“C  BY  PLASMA 
ENHANCED  CHEMICAL  VAPOR  DEPOSITION  (PECVD) 

H.  Siriwardane/  P.  Fraundorf,*  J.W.  Newkirk,*  O.A.  Pringle,*  and  W.J. James* 

Departments  of  *Physics,  *  Metallurgical  Engineering,  and  *Chemisiry  and  the  Graduate 
Center  for  Material  Research.  University  of  Missouri-Rolla,  Rolla,  MO  65401  (U.S.A.). 

'Department  of  Physics,  University  of  Missouri-St.  Louis,  St.  Louis,  MO  62121  (U.S.A.). 

Thin  iron  carbide  films  were  prepared  by  inCroducing  iron  penta  carbonyl  (FeCO,)  and 
hydrogen  (H,)  into  a  glow  discharge.  Tl;e  films  are  of  potential  interest  in  corrosion  and 
wear  resistant  applications.  X-ray  diffraction  data  of  films  («  7000  A  thick)  deposited  on 
glass  at  300^  evidenced  only  Fe,Cj.  Thinner  films  were  required  for  examination  by 
analytical  and  high  resolution  transmission  electron  microscopy.  Therefore,  two  sets  of  films 
("thin"  <  200  A  and  "thick” «  800  A)  were  plasma-deposited  on  carbon  or  holey  carbon 
films  supported  on  copper  grids.  The  thin  TEM  specimens  exhibited  a  fine  texture  and  gave 
rise  to  ring  diffraction  patterns,  whereas  the  thick  TEM  specimens  evidenced  two  types  of 
structure:  (i)  half-micron  sized  grains  separated  from  one  another  by  1-2  microns  on  the 
support,  although  sometimes  interconnected  by  single  crystal  platelets  and  (ii)  300  A  grape¬ 
like  clumps  of  100-200  A  crystals,  each  individually  surrounded  by  a  50  A  non-crystalline 
coating.  The  latter  structure  may  result  from  a  post-formation  oxidation  process  which  expels 
carbon  from  the  iron  phase  into  grain  boundaries. 


1.  INTRODUCTION 

Plasma  enhanced  chemical  vapor  deposition  (PECVD)  has  been  widely  used  in  recent  years 
to  form  thin  films'"*  and  to  modify  surfaces  of  materials.  Bulk  FejCj  is  usually  formed  under 
very  high  temperatures  and  pressures.  We  have  been  successful  in  preparing  Fe7C3  films  by 
PECVD,  using  iron  pentacarbonyl  and  hydrogen  as  a  scavenging  gas.  Thin  films  of  Fe7C3 
are  produced  at  temperatures  around  3(X)T  and  pressures  of  50-100  millitorr.  This  is 
possible  because  of  the  high  electron  temperatures  of  the  glow  discharge  plasma,  which 
trigger  chemical  reactions  at  moderately  low  temperatures,  and  the  non-equilibrium  nature 
of  the  glow  discharge.’"'^  The  usefulness  of  FejC,  as  magnetic  recording  media  has  been 
investigated.'*  They  have  a  high  magnetic  saturation,'*  and  show  evidenced  of  magnetic 
hardness  as  well  as  prefered  orientation  of  their  magnetic  moments  normal  to  the  plane  of  the 
film.'*  The  magnetic  applications  of  these  films  depend  on  the  microstructure,  crystal 
structure  and  the  magnetic  structure.  The  objective  of  this  study  is  to  investigate  the 
microstructure  of  iron  carbide  films  deposited  at  30(rc. 


2.  EXPERIMENTAL  RESULTS 

A  cylindrical  glow  discharge  reactor,  identical  to  that  described  by  Li  et  aV.’  *  was  used  to 
prepare  the  films.  Operating  parameters  for  the  preparation  of  FcjC,  films  are  identical  to 
those  described  in  ref.  10.  Pre-cleaned  glass  slides,  carbon  coated  glass  slides,  carbon,  and 
holey  carbon  support  films  on  copper  grids  were  used  as  substrates  for  film  deposition.  For 
all  substrates,  argon  ion  cleaning  in  an  r.f.  glow  discharge  was  performed  for  30  minutes 
before  film  deposition.  Iron  pentacarbonyl,  Fe(CO)5,  was  introduced  along  with  Hj  into  a 
glow  discharge.  Hj  serves  as  a  scavenger  gas  for  oxygen. 
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An  Auger  analysis  was  performed  on  more  than  fifty  films  deposited  at  30(XC  on  glass 
microscope  slides,  and  eight  films  deposited  on  cartion  support  films  and  prepared  under  the 
same  experimental  conditions.  The  Auger  data  of  the  above  samples  were  collected  at  argon 
ion  sputtering  rates  between  18-33  A/minute.  The  depth  profiling  commenced  after  »  one 
minute  of  argon  ion  sputtering  to  remove  the  physorbed  CO;  and  H2O.  The  film 
compositions  at  an  approximate  depth  of  600  A  were  60-70  atomic  percent  iron,  23-33  atomic 
percent  carbon,  and  1-4  atomic  percent  of  oxygen,  indicating  the  formation  of  the  Fe;C] 
phase.  If  it  is  assumed  that  all  of  the  oxygen  is  bonded  to  iron  in  the  form  of  FejOt,  then 
there  is  a  slight  excess  of  carbon  present  in  the  films.  The  carbide  satellite  pe^  were 
clearly  seen  on  every  sample  subjected  u>  Auger  analysis  (see  Fig.  1). 


2CC  350  50C  65C  e/C 


::  £-i£=o-  ui 


Figure  1.  The  Auger  depth  profiling  data  of  fitnis  deposited  at  300'C,  showing  carbon 
sateliite  peaks  which  indicate  the  presence  of  a  carbide  phase.  The  substrates  are:  (a) 
giass  (b)  carbon  coated  glass  (c)  carbon  support  films  on  grids. 

To  determine  the  microstructural  details,  TEM,  x-ray,  and  electron  diffraction  techniques 
were  used.  The  XRD  spectra  of  films  of  different  thicknesses  were  collected  by  using  a 
SCINTAG  2(XX)  XRD  diffractometer.  The  step  sizes  and  preset  times  varied  between  0.01- 
0.03  degrees  and  3.0-12.0  seconds,  depending  on  the  quality  of  the  data  required  from  the 
patterns.  The  XRD  spectra  of  films  grown  on  glass  evidenced  low-intensity  broadened  peaks 
(see  Figure.  2).  The  experimentally  determined  interplanar  spacing  agreed  with  the  JCPDS 
interplanar  spacings  of  the  Fe,Cj  phase.  The  quality  of  the  XRD  patterns  improved  with 
increasing  film  thickness.  Films  grown  on  support  films  (holey  carbon  or  carbon)  under 
identical  experimental  conditions  were  too  thin  to  produce  XRD  patterns.  As  a  consequence, 
the  XRD  spectra  of  grid  samples  are  not  known. 

For  TEM  characterization,  two  sets  of  films  (thin  <  200  A  and  thick  «»  800  A)  were 
deposited  on  carbon  or  holey  support  films  on  copper  grids.  These  films  were  grown  under 
identical  experimental  conditions  as  the  films  grown  on  glass,  except  that  their  deposition 
times  were  much  shorter  in  order  to  produce  films  thin  enough  to  be  examined  by  the  TEM. 
The  principle  idea  behind  using  the  holey  support  films  on  copper  grids  as  substrates  was  to 
deposit  thin  films  and  observe  crystals  at  the  edges  of  holes. 
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Figure  2.  XRD  pattern  of  a  PECVD  carbide  film  deposited  at  300°C  on  a  glass 
substrate. 

In  this  TEM  study,  six  thick  («800  A)  films  and  thiee  thin  films  ( <  200  A)  made  under 
identical  experimental  conditions  were  used  to  collect  data.  The  latter  three  samples  were 
deposited  for  approximately  three  minutes,  whereas  the  thick  films  were  deposited  for  twenty 
minutes  on  six  different  occasions  in  order  to  check  the  reproducibility.  The  camera  constant 
used  in  the  analysis  of  the  TEM  data  was  obtained  by  using  aluminum  standards.  By  finding 
the  camera  constant  for  the  Phillips  430  EM  electron  microscope,  and  measuring  the 
diameters  of  the  rings  on  the  negatives  with  a  ruler,  the  interplanar  spacings  were  calculated. 
Four  measurements  were  made  on  each  ring  and  the  average  value  was  taken  as  the  true 
diameter  of  each  ring.  The  obtained  d-spacings  were  then  compared  to  the  JCPDS  card  file 
d-spacings  of  Fe304,  FCjCj,  and  Fe3C.  A  comparison  was  made  with  only  FesOj,  Ve^C,,  and 
FcjC  because  the  XRD  patterns  of  films  deposited  on  glass  at  200^,  300°  and  400°C  evidenced 
only  the  above  three  phases,  respectively.’  The  possibility  of  the  presence  of  a-Fe  was  ruled 
out  by  investigating  the  spacings  and  the  angles  of  single  crystal  Fourier  spectra  obtained 
from  HRTEM  images." 

The  thin  specimens  (  <  200  A)  deposited  at  300°C  on  carbon  or  holey  films  exhibited  a  fine 
texture  and  produced  ring  diffraction  patterns  on  photographic  films  (see  Figure  3a).  The 
rings  that  contained  spots  corresponded  to  both  FcjOi  and  FoyC,. 

The  electron  diffraction  patterns  obtained  from  thick  ( «  800  A)  samples  gave  rise  to  ring 
diffraction  patterns,  single  crystal  and  convergent  beam  diffraction  patterns.  The  obtained 
d-spacings  from  the  ring  patterns  were  also  compared  with  F67C3,  Fe,C  and  FcjO,  phases. 
The  d-spacings  of  these  phases  were  also  profiled  by  azimuthal  averaging  of  the  intensities 
in  these  patterns  (see  Fig.  3b)."  "  The  single  crystal  and  convergent  beam  diffraction  data 
were  also  analyzed  by  using  the  crystallographic  program  'SX'."  At  this  point  in  our  study 
we  have  been  unable  to  correlate  the  thick  film  morphologies  with  individual  phases. 

The  thick  specimens  ( *  800  A  thick)  evidenced  two  types  of  morphologies.  Morphology 
type  I  consists  of  half-micron  platelets  separated  from  one  another  by  1-2  microns  on  the 
support,  although  sometimes  interconnected  by  grains  of  0. 1-0.2  microns  (see  Figs.  4a,  4b 
and  5a).  These  grains  are  capable  of  producing  single  crystal  diffraction  patterns  and 
converging  beam  patterns,  which  could  be  indexed  with  either  Fe^CJ  or  FejC  (see  Fig  5b). 
Morphology  type  II  consists  of  300  A  grape-like  clumps  of  100-200  A  crystals,  each 
individually  surrounded  by  50  A  non-crystalline  coatings  (see  Fig.  6).  The  above  two 
morphologies  were  seen  in  all  thick  TEM  samples. 
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Figure  3.  (a)  A  TEM  micrograph  and  its  SAD  pattern  of  a  PECVD  thin  ( <  200  A) 
carbide  Dim  deposited  at  300°C  on  a  hoiey  carbon  grid,  (b)  A  TEM  diffraction  pattern 
of  a  thick  (*800  A)  PECVD  Him  deposited  at  300°C  on  a  carbon  support  film. 


Figures  4  and  5  show  morphology  type  I,  which  is  seen  in  continuous-film  regions  of  the 
800  A  films. 


Figure  4.(a)  Bright  field  image  of  morphology  type  I  grains,  showing  small  0.1  fim  grains 
in  clumps  separated  by  0.3  ^m  distances.  The  center  of  the  image  shows  a  half-micron 
platelet  connecting  a  number  of  clumps  together,  (b)  Dark  Held  image  of  a  platelet, 
showing  its  single  crystal  character.  This  platelet  could  be  indexed  only  with  FejC. 


695 


Figure  5.  (a)  Bright  fleid  image  of  morphoiogy  type  I  crystals,  showing  hend  extinction 
contours  in  two  half>micron  platelets,  (b)  A  converging  beam  diffraction  pattern 
obtained  from  a  large  platelet  which  could  be  indexed  only  with  Fe7C,. 

The  second  type  of  morphology  observed  in  these  thick  films  consists  of  300  A  grape-like 
clumps  of  100-200  A  crystals,  each  individually  surrounded  by  a  50  A  non-crystalline  coating 
which  appears  as  curved  fringes  around  the  crystals.  This  morphology  is  mostly  seen  at  the 
edges  of  the  carbon  support  films.  The  peaks  and  the  interp.'anar  angles  obtained  from  the 
Fourier  spectra  of  the  crystals  can  be  indexed  with  Fe7Cj  planes.  The  coating  gives  rise  to 
a  variable  d-spacing,  which  looks  like  a  birds  foot  in  the  Fourier  spectra,  indicating  the  non¬ 
crystalline  nature  of  the  coating.  The  d-spacings  for  the  coating  ranged  from  3.2-4. 1  A. 
This  behavior  and  the  obtained  range  of  spacings  are  typical  for  poorly  crystalline 
graphite.  '•'* 


Figure  6.  (a,b)  Grape-like  clumps,  showing  50  A  non-crystalline  coatings  covering  100- 
200  A  crystals.  The  outlines  of  the  grain  boundaries  have  been  artificially  enhanced  in 
(b).  (c)  An  enlarged  image  of  crystal  which  has  a  non-crystalline  coating,  (d)  The 
Fourier  spectrum  of  Fig.  5c. 


3.  DISCUSSION  AND  CONCLUSIONS 


Iron  carbide  films  were  produced  by  PECVD,  at  temperatures  of  300“C  and  pressures  of 
50-100  millitorr.  The  primary  phase  deposited  is  FeTC,.  The  electron  diffraction  data 
obtained  on  »  800  A  thick  films  and  thin  films  (<  200  A;  snowed  the  presence  of  FejO^, 
FejC  and  Fe,Cj.  Fej04  and  FejC  were  not  seen  on  7000  A  PECVD  films  deposited  at  3()OC 
on  glass  and  carbon  coated  glass  substrates  due  to  the  small  quantities  of  these  phases  present. 
The  ability  to  observe  FejOj  and  Fe,C  by  electron  diffraction  may  be  due  to  the  large  surface 
to  volume  ratio  of  the  specimens  thin  enough  for  the  TEM  study. 

The  electron  diffraction  ring  patterns  of  the  •  800  A  films  had  more  spots  and  more 
intense  rings  than  the  diffraction  patterns  of  the  <  200  A  films,  presumably  because  of  the 
larger  size  and  number  of  crystals  in  the  thicker  films.  The  diffuse  rings  observed  in  these 
diffraction  patterns  correspond  to  Fe304,  and  the  spotty  rings  correspond  to  Fe,C  and  Fe,C,, 
indicating  that  the  grains  of  the  carbide  phases  are  larger  than  the  the  grains  of  the  oxide 
phase.  This  is  a  direct  result  of  the  deposition  atmosphere,  which  is  highly  reducing,  and 
favors  the  formation  of  the  carbide  phases. 

The  carbide  rings  in  the  electron  diffraction  patterns  of  the  -  800  A  films  are  composed 
largely  of  spots  of  varying  sizes  along  with  some  continuous  intensity.  This  indicates  that 
both  small  and  large  coherent  diffracting  grains  consisting  of  Fe7Cj  and  FCjC  are  present  in 
these  =  800  A  thick  films. 

The  half-micron  sized  platelets  observed  in  the  morphology  type  I  were  always  seen  in 
continuous  film  regions.  The  columnar  microstructure  observed  in  some  PECVD  iron 
carbide  films*’  may  be  a  result  of  the  preferential  growth  of  the  platelets,  which  are 
surrounded  by  1000-2000  A  size  grains. 

The  unusual  50  A  non-crystalline  mantles,  which  surround  the  100-200  A  iron  carbide 
crystals,  exhibited  curved  fringes  in  the  high  resolution  TEM  images,  characteristic  of  poorly 
crystalli.ne  graohite  with  d-spacings  of  3.2-4. 1  A.”  '*  There  are  two  possible  mechanisms  that 
could  explain  the  formation  of  these  coatings:  (i)  a  post  formation  oxidation  process,  which 
expels  carbon  into  the  grain  boundaries;  or  (ii)  the  diffusion  of  carbon  from  the  suppiort  film 
into  the  grain  boundaries,  made  possible  by  a  high  diffusion  gradient  between  the  heated 
substrate  and  the  depositing  plasma  species. 
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ABSTRACT 

MnFe/NiFe  exchange  structures  have  been  prepared  in  an  ultra-high  vacuum  sputtering/ 
surface  analysis  system.  Controlled  introduction  of  residual  gas  impurities  such  as  and 
H2O  at  the  MnFe/NiFe  interface  is  studied  by  in-situ  x-ray  photoelectron  spectroscopy  (XPS) 
and  the  exchange  structures  are  magnetically  characterized.  Due  to  the  extreme  reactivity  of 
the  NiFe  surface  towards  O2,  the  exchange  coupling  is  severely  degraded  by  only  small  expo¬ 
sures  of  this  molecule  to  the  NiFe  surface.  In  contrast,  H}0  does  not  oxidize  the  NiFe  surface 
and  therefore  can  be  tolerated  in  greater  quantities  in  the  sputtering  chamber  without  detri¬ 
mental  loss  of  exchange.  This  understanding  of  the  basic  surface  chemistry  of  the  MnFe  and 
NiFe  surfaces  can  lead  to  improved  sputtering  practices  in  actual  manufacturing  applications. 

INTRODUCTION 

The  antiferromagnetic/  ferromagnetic  MnFe/NiFe  exchange  structure  has  received  consid¬ 
erable  attention  due  to  its  importance  as  a  means  for  supression  of  domain  switching 
(Barkhausen  noise)  in  NiFe  based  magnetoresistive  sensors.)  1-4)  The  MnFe/NiFe  exchange 
interaction  is  believed  to  require  growth  of  the  antiferromagnetic  fee  y  MnFe  phase  on  the  fee 
NiFe  substrate.  Although  the  fee  y  MnFe  phase  is  the  stable  phase  in  bulk  form  at  room 
temperature,  [5-9],  thin  film  samples  of  MnFe  deposited  on  amorphous  substrates  crystallize 
in  the  a  MnFe  (A12  a  Mn)  structure  [10-12).  Thus  intimate  contact  between  the  MnFe  and 
the  fee  NiFe  substrate  is  required  in  order  to  make  the  MnFe  film  conform  to  the  desired  fee 
structure.  Since  this  is  an  interfacial  effect,  impurity  incorporation  at  the  MnFe/NiFe  interface 
can  be  quite  detrimental  to  the  magnetic  performance  of  these  structures.)  12) 

The  goal  of  this  study  is  to  systematically  understand  the  factors  which  lead  to  interfacial 
impurity  contamination  and  to  determine  the  effect  of  these  impurities  on  the  magnitude  of 
the  exchange  coupling  across  the  MnFe/NiFe  interface.  These  experiments  were  performed  in 
an  ultra  high  vacuum  (UHV)  sputtering/  analysis  system  which  has  been  previously  described 
[13];  the  UHV  conditions  prevent  unintentional  contamination  of  the  NiFe  surface  thus 
making  it  possible  to  independently  control  the  impurity  level  at  the  MnFe/NiFe  interface. 
The  clean  NiFe  surface  has  been  intentionally  exposed  to  both  H2O  and  Oz  prior  lo  MnFe 
deposition.  The  correlation  between  in-situ  surface  analysis  using  X-ray  Photoelectron 
Spectroscopy  (XPS)  and  ex-$itu  magnetic  measurements  suggests  that  while  O:  adsorption  at 
the  MnFe/NiFe  interface  is  quite  detrimental  to  the  exchange  coupling,  this  interface  is  signif¬ 
icantly  more  tolerant  to  the  presence  of  H2O  vapor  in  the  vacuum  system. 

RESULTS  AND  DISCUSSION 

Oxv^n  Introduction  at  the  MnFe/NiFe  Interface 

An  air  exposed  NiFe  substrate  is  covered  with  a  thin  (lO-ISA)  oxide  composed  of  NiO 
and  Fe '•  oxide^  hydroxides.)  13,  14)  Prior  to  MnFe  deposition,  this  NiFe  surface  was  cleaned 


Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  313.  *  1993  Malariala  Raaaarcli  Society 


by  in-situ  ion  beam  sputtering  so  as  to  produce  a  surface  characteristic  of  only  Fe  and  Ni 
metal  as  shown  in  Figure  1 .  A  series  of  MnFe/NiFe  exchange  structures  were  then  prepared 
by  exposing  the  clean  NiFe  surface  to  controlled  amounts  of  O;  followed  by  MnFe  deposition. 
XPS  spectra  of  these  O2  dosed  NiFe  surfaces  before  MnFe  deposition  are  shown  in  Figure  1 . 

In  the  XPS  data  in  Figure  I,  the  angle  between  the  surface  plane  and  the  axis  of  the  ana¬ 
lyzer  is  19°;  in  this  configuration  the  measurement  is  sensitive  to  predominantly  the  top  6  A 
of  the  NiFe  surface.  Exposing  the  NiFe  surface  to  I  Langmuir  (L)  of  O;  (1  L  =  lx  lO* 
torr-sec),  causes  (he  surface  oxygen  coverage  to  increase  to  0.3  monolayers,  although  no 
oxidation  of  either  the  .Ni  or  the  Fe  metal  is  observed.  (Oxygen  coverages.  0.  are  estimated 
using  known  values  of  the  photoionization  cross  section  115).  electron  escape  depth,  and  ana¬ 
lyzer  transmission  function  and  are  similar  to  published  result*  on  NiFe  single  crystals.  (I6|) 
The  surface  oxygen  coverage  increases  further  after  a  6L  exposure  to  0  ~  0.5  monolayer;  the 
surface  is  still  predominantly  metallic,  however  the  shape  of  the  Fe  2p  line  i.idicales  that  a 
small  amount  of  Fe  has  been  oxidized.  Exposure  of  the  NiFe  surface  to  40L  O:  (0  ~  1.0 
monolayer)  leads  to  complete  preferential  oxidation  of  the  Fe  to  Fe  while  the  Ni  is  still 
mainly  metallic.  These  results  are  all  consistent  with  the  observations  of  Brundle  and 
coworkers  (16|  on  single  crystal  Ni.  e  surfaces.  Continued  Oj  exposure  up  to  several  hundred 
Langmuir  (not  shown)  leads  to  saturation  of  the  surface  oxidation  at  0  ~  3  monolayer. 
[13,  161  at  which  point  the  surface  is  composed  of  predominantly  Fe..O,  and  NiO. 


O2  Chemisorption  on  NiFe 


-875  -865  -855  -845 


-725  -715  -705  -534  -530  -526 


Binding  Energy  (eV) 


Figure  1.  Mg  Ka  XPS  of  O2  chemisorption  on  NiFe  surface  prior  to  MnFe  deposition.  In 
this  experimental  geometry  the  XPS  spectra  are  most  sensitive  to  the  top  bk  of  the  NiFe 
surface. 
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bxchange  structures  were  fabricateif  by  MnFe  deposition  on  these  oxygen  covered  Nii’e 
surfaces  and  the  measured  exchange  coupling  as  a  function  of  oxygen  coverage  is  illu  .trated 
in  Figure  2.  The  unidirectional  exchange  anisotropy,  H«„  is  approximately  30  Oersteads  lOe) 
for  MnFe  deposition  on  a  clean  400A  NiFe  film.  There  is  clearly,  however,  a  decrease  in 
as  the  oxygen  content  at  the  interface  increases.  For  the  NiFe  surfaces  covered  with  approxi¬ 
mately  0.3  to  0.5  monolayers  of  chemisorbed  oxygen  atoms,  the  magnitude  of  H„„  has 
dropped  by  greater  than  50  %  relative  to  the  structure  prepared  with  a  clean  NiFe  surface. 
However,  in  this  coverage  range,  even  though  the  magnitude  of  H.,,  has  decreased,  the  cou¬ 
pling  between  layers  is  not  completely  eliminated. 

By  an  oxygen  coverage  of  0  =  1.0  monolayer,  the  MnFe  film  is  no  longer  magnetically 
coupled  to  the  NiFe  surface  below,  (H„  =  0  Oe.).  The  XPS  data  in  Figure  1.  indicate  that  at 
this  coverage,  complete  oxidation  of  the  surface  Fe  has  occurred.  It  is  interesting  to  note  that 
in  the  NiFe  single  crystal  oxidation  study  il6|,  a  LEED  pattern  attributed  to  chemisorbed 
oxygen  on  Ni  is  still  maintained  for  coverages  of  approximately  1.0  monolayer  (and  greater), 
even  though  signilicant  oxidation  of  the  Fe  is  observed.  Thus,  distinct  patches  of  Fe;0<  and 
ordered  O/Ni  metal  coexist  on  the  oxidized  single  crystal  NiFe  surface  in  this  coverage 
regime.  Although  the  NiFe  surfaces  used  for  our  studies  are  pol)  crystalline,  the  similarity  of 
the  XPS  spectra  suggests  that  a  similar  situation  may  occur  on  these  surfaces.  Thus  by  0  = 
1,0  monolayer,  although  some  areas  correspond  to  chemisorbed  oxygen  on  surface  Ni  atoms, 
there  are  also  coexisting  patches  of  FcjOi.  Thus,  it  is  not  necessary  to  have  complete  surface 
oxidation  in  order  to  completed  eliminate  the  exchange  coupling  across  the  MnFe/NiFc  inter¬ 
face. 

Water  Introductiop  at  the  MnFe/NiFe  Interface 

Since  HiO  is  the  most  common  residual  gas  in  most  sputtering  chambers,  it  is  important 
to  understand  the  effect  of  H;0  adsorption  at  the  MnFe/NiFe  interface  and  to  compare  this  to 
the  effects  of  Oj  as  discussed  above.  Our  results  indicate  that  the  reactivity  of  H^O  towards 
the  NiFe  surface  is  significantly  less  than  is  observed  for  equivalent  O;  exposures.  This  is 
consistent  with  results  obtained  on  Ni  117,  I8|  Fe  (19)  and  MnFe  |13|  surfaces,  where  the 
sticking  coefficient  for  HiO  is  significantly  less  than  for  molecular  oxygen.  For  H.O  expo¬ 
sures  of  up  to  44,(XX)  L  there  is  no  oxidation  of  either  the  Ni  or  the  Fe  on  the  NiFe  surface, 
even  though  XPS  analysis  shows  evidence  for  the  dissociative  adsorption  of  H>0  into  OH 
fragments:  an  O  Is  peak  at  ~  529.6  eV  is  observed  with  an  intensity  that  corresponds  to 
approximately  6  =  0.3  monolayer. 

The  lower  reactivity  of  HsO  relative  to  O2  for  the  NiFe  surface  translates  into  a  greater 
tolerance  of  the  MnFe/NiFe  exchange  structure  to  HiO  exposure,  as  illustrated  in  Figure  3.  A 
series  of  MnFe/NiFe  exchange  structures  were  prepared  in  which  the  NiFe  surface  was  dosed 
with  I200L  -  44,(KK1L  H2O  before  MnFe  deposition.  (The,se  exposures  are  much  greater  than 
generally  experienced  under  normal  processing  conditions.  For  example  in  a  sputter  chamber 
with  a  partial  pressure  of  H2O  equal  to  1  x  10"’  torr,  if  the  NiFe  surface  is  exposed  for  2 
minutes  this  would  correspond  to  a  I2L  exposure.)  After  1200-  44.000L  the  measured 
exchange  value  decreased  by  approximately  40%  relative  to  a  film  prepared  without  HiO  at 
the  interface.  This  should  be  contrasted  to  the  effect  ob.served  for  significantly  lower  expo¬ 
sures  of  O2.  Due  to  the  rapid  oxidation  of  the  NiFe  surface,  a  40L  O2  exposure  on  NiFe  is 
sufficient  to  completely  destroy  the  exchange  coupling.  Thus,  for  equivalent  exposures  of  O2 
and  H2O  at  the  interface,  the  exchange  coupling  will  degrade  significantly  less  with  exposure 
to  H3O  due  to  the  lower  reactivity  of  water  vapor  for  the  NiFe  surface. 
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Implkations  to  MnFe/  NiFe  SpiiMgrinc  Tnnls 

It  is  important  to  understand  the  role  of  residual  gas  chemisorption  on  clean  MnFe  Films 
since  the  MnFe  coated  chamber  wails  and  MnFe  target  are  exposed  to  the  residual  gas  envi¬ 
ronment  in  the  chamber.  While  these  exposed  surfaces  can  act  as  high  surface  areas  to  getter 
contaminants  from  the  sputtering  atmosphere,  contaminants  adsorbed  on  the  MnFe  walls  can 
also  potentially  be  driven  back  onto  the  NiFe  surface  causing  degradat-  'n  of  exchange  cou¬ 
pling. 

Both  O;  and  HjO  react  with  the  MnFe  surface  to  form  a  surface  oxide  layer;  [13)  the 
reaction  with  O2  quickly  leads  to  formation  of  a  thick  (35  A)  oxide  composed  of  predomi¬ 
nantly  MnO  and  FcjOa.  [I3|  The  interaction  with  H2O  is  more  sluggish,  giving  approximately 
5  A  of  a  Mn"  oxide/hydroxide  after  a  34,0(K)  L  H2O  exposure.  The  high  reactivity  of  O2  with 
MnFe  surfaces  [13)  means  that  immediately  after  MnFe  sputtering,  the  walls  of  the  chamber 
will  be  an  excellent  getter  for  this  impurity  if  any  is  present  in  the  vacuum  system.  Thus  a 
MnFe  presputter  step  prior  to  NiFe  surface  cleaning  is  worthwhile  so  as  to  minimize  O2  expo¬ 
sure  to  the  clean  NiFe  surface.  If  a  significant  amount  of  H2O  is  present  in  the  vacuum 
system  (which  is  often  the  case  for  o-ring  sealed  vacuum  systems),  although  it  will  not  react 
with  and  form  an  oxide  on  the  NiFe  surface,  it  will  react  and  form  a  thin  oxide  film  on  the 
MnFe  coated  chamber  walls  and  MnFe  target.  Thus,  when  the  MnFe  deposition  process 
begins,  surface  Mn  oxides  and  adsorbed  impurities  will  likely  be  sputtered  or  desorbed  off  the 
walls  and  target  onto  the  clean  NiFe  surface.  The  plasma  environment  during  deposition 
likely  enhances  the  reactivity  of  gas  phase  H2O  molecules  through  dissociation  and/or 
ionization  thus  increasing  the  possibility  of  reaction  with  the  NiFe  surface. 

Thus,  if  the  process  chamber  has  been  exposed  to  significant  amounts  of  residual  gases 
in  between  the  NiFe  surface  cleaning  and  MnFe  deposition,  the  final  exchange  coupling  will 
be  much  higher  if  the  NiFe  surface  is  protected  by  a  shutter  when  the  MnFe  sputtering  begins. 
To  test  this,  a  NiFe  surface  was  exposed  to  7500  L  H^O  and  deposition  was  initiated  without 
shuttering  the  NiFe  surface;  no  exchange  coupling  acro.ss  the  MnFe/NiFe  interface  was  meas¬ 
ured  as  indicated  by  the  point  in  Figure  3.  Thus,  exposure  of  the  clean  NiFe  surface  to  this 
reactive  plasma  environment  in  the  presence  of  impurities  can  severely  degrade  the  integrity 
of  the  MnFe/NiFe  interface. 

In  summary,  as  long  as  good  standard  sputtering  practices  are  followed,  preparation  of 
MnFe/NiFe  should  be  possible  and  quite  reproducible  in  most  sputtering  systems.  However, 
since  Oi  reacts  extremely  quickly  to  oxidize  the  NiFe  surface,  the  presence  of  a  significant  air 
leak  or  impure  sputtering  gases  can  severely  limit  the  exchange  coupling.  On  the  other  hand, 
due  to  the  lower  reactivity  of  H2O  for  the  NiFe  surface,  high  pressures  of  H2O  vapor  can  be 
tolerated  in  the  sputtering  system.  Presputtering  of  the  MnFe  target  while  the  NiFe  surface  is 
shuttered,  is  critical  to  the  successful  exchange  coupling.  This  practice  serves  to  remove  resi¬ 
dual  gases  adsorbed  on  the  walls  of  the  chamber  and  react  them  into  the  depositing  MnFe 
film  and  it  cleans  the  MnFe  target  of  any  oxide  which  has  formed  on  the  surface.  Thus  line 
of  sight  reactions  of  these  reactive  species  with  the  clean  NiFe  surface  is  prevented. 

Use  of  a  residual  gas  analyzer  for  continuous  monitoring  of  these  impurity  gases  during 
the  the  pumpdown,  chamber  conditioning  (presputtering),  and  deposition  process  can  lead  to 
improved  magnetic  performance  and  maximum  throughput  of  the  sputtering  tool.  On  a 
related  note,  while  this  work  shows  that  interfacial  impurities  have  a  detrimental  effect  on  the 
MnFe/  NiFe  exchange  interaction,  a  recent  study  has  shown  that  controlled  impurity  incorpo¬ 
ration  away  from  the  NiFe/MnFe  interface  is  actually  beneficial.  |20| 
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Oxygen  Adsorption  on  NiFe 


Figure  2.  Degradation  in  exchange  coupling  due  to  oxygen  adsorption  on  the  NiFe  surface. 
The  unit  of  gas  exposure  is  1  Langmuir  (L)  which  is  equal  to  1  x  10-‘  torr-sec. 


Water  Adsorption  on  NiFe 
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Figure  3.  Effect  of  H2O  adsorption  at  the  NiFe  interface  on  exchange  coupling;  while  water 
exposure  leads  to  adsorption  of  ~  0.3  monolayer  of  surface  OH  groups,  this  does  not  prevent 
magnetic  coupling  across  the  MnFe/NiFe  interface.  The  unit  of  gas  exposure  is  1  Langmuir 
(L)  which  is  equal  to  1  X  10"‘  torr-sec. 
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APPLICATION  OF  HIGH-RESOLUTION  ELECTRON  MICROSCOPY  TO  THE 
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R.  Sinclair,  T.P.  Nolan,  G.A.  Beitero  and  M.R.  Visokay 
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ABSTRACT 


The  performance  of  a  wide  range  of  modem  magnetic  thin-film  materials  fm  information 
storage  is  found  to  depend  dramatically  on  grain  nucleation  and  coherence  at  interfaces.  Three 
such  systems,  Fe/Pt  multilayers.  Co/ft  multilayers,  and  CoCrTa/Cr  bilayers  are  considered 
here.  High-resolution  electron  microscopy  (H^M)  shows  that  ordered  CoPt  and  FePt  LIq 
structures  can  be  formed  and  oriented,  using  coherence  with  the  substrate,  with  their 
magnetically  easy  c-axes  perpendicular  to  the  film  plane.  This  orientation  results  in  the 
perpendicultf  magnetization  required  for  magneto-optic  recording  media.  Different  sputtering 
gases  used  in  producing  Co/Pt  multilayers  result  in  varying  degrees  of  interfacial  intermixing, 
which  is  shown  to  strongly  affect  the  perpendicular  magnetic  anisotropy  energy.  The  required 
high  in-ptane  coercivity  of  longitudinal  recording  media  is  also  correlated  with  the  observed 
interface  coherence  and  the  resulting  oriented  growth  of  CoCrTa  with  the  magnetically  hard 
<1 1  0>  axis  perpendicular  to  the  film  plane.  Many  feamres  of  the  microstructure  can  be 
observed  dirKtly  at  the  atomic  level  by  HREM,  and  so  the  usefulness  of  this  technique  is 
emphasized  in  this  paper. 


INTRODUCTION 


The  microstructural  components  which  make  up  contemporary  magnetic  thin  films  are 
rapidly  approaching  the  atomic  level.  For  example  magnetic  multilayers  may  be  comprised  of 
metal  films  only  a  few  monolayers  thick.  The  crystal  sizes  of  recording  media  are  often  10-20 
nm  in  lateral  dimension.  Accordingly  the  interface  structure  plays  an  important  role  in 
determining  the  properties,  and  higher  resolution  techniques  are  requir^  to  study  the  important 
microstructural  features.  High-resolution  electron  microscopy  (HREM)  can  now  reveal  atomic 
arrangements  even  in  close-packed  metals  and  so  is  well-suited  to  this  endeavor.  This  paper 
descritx  'ome  of  our  recent  work  using  HREM,  drawing  on  examples  from  multilayer  systems 
(e.g.,  Coi.X  Fe/Pt)  and  from  longitudinal  recording  media  (e.g.  CoCrTa  alloy). 


EXPERIMENTAL  PR<X:EDURE 


The  magnetic  thin  films  were  made  by  sputtering  techniques.  They  are  examined  in  cross- 
section  and  through-foil  geometries  in  a  Philips  EM430  (300  kV)  transmission  electron 
microscope  which  has  about  0.19  nm  resolution.  Additional  characterization  is  peiframed  using 
standard  bright  and  dark  field  imaging,  selected  area  and  microdiffraction,  elongated  probe 
microdifffaction  and  x-ray  energy  dispersive  micioanalysis  ( 1 J.  Bulk  studies  are  also  carri^  out 
by  x-ray  diffraction,  vibrating  sample  magnetometry,  magneto-optic  Kerr  rotation  and  torque 
magnetometry. 
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RESULTS 

CoPt  and  FePt  (OOn  Annealed  Films 


There  has  been  significant  interest  lately  in  magnetic  alloys  with  perpendicular  magnetic 
anisotropy,  with  possible  applications  in  magneto-optic  lecmding.  Promising  magnetic  and 
magneto-opdc  properties  have  been  found  in  &>i.xPtx[2]  and  Fei.xPtx[3]  disordered  alloy  films 
as  well  as  ordered  FePt  alloy  Rims  and  muitilayers[4].  Our  investigation  has  centered  upon 
producing  perpendicular  magnetization  using  crystallographically  oriented,  ordered  alloys, 
focusing  on  the  tetragonal  conqxxinds  CoPt  and  FePt  compounds  adopt  the  L  U  structure 
and  have  a  magnetic  easy  axis  along  the  unique  (c)  direction. 

Accordingly,  c-axis  oriented  CoPt  and  FePt  thin  Rims  would  be  expected  to  possess 
perpendicular  anisotropy.  The  formation  of  these  (001)  oriented  phases  in  thin  Rim  form  has 
been  accomplished  by  annealing  epitaxial  multilayers  that  are  stacked  along  1001]  (S,6).  The 
Rims  are  produced  by  DC  magnetron  sputtering  in  argon  onto  MgO  (001 )  polished  single  crystal 
substrates.  The  as-deposited  structure  of  a  (13  A  Co/19  A  Pt)32  multilayer  is  shown  in  Figure  1 , 


Figure  1.  High  resolution  cross-section  image  of  a  (13A  Co/  19A  Pt)72  multilayer 
deposited  onto  (001)  oriented  single  crystal  MgO,  taken  in  the  MgO  ( 1 10]  orientation 
with  the  growth  direction  vertical  in  the  picture.  The  lattice  fringes  are  consistent  with  the 
[110]  projection  of  an  fee  material  throughout 
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Figure  2.  High  resolution  cross-section  image  of  the  film  shown  in  Figure  1  after 
annealing  at  673  °C  for  14  hours.  The  orientation  is  again  MgO  [1 10]  and  the  growth 
direction  is  vertical  in  the  picture.  The  fringes  are  due  to  CoPt  (001)  and  ( 1 10)  planes, 
with  3.7A  and  2.1  k  spacings,  respectively.  These  fringes  are  in^cative  of  the  presence 
of  ordered  CoPt. 

which  is  a  high  resolution  cross-section  image  taken  in  the  MgO  (110)  orientation,  with  the 
growth  direction  vertical.  The  lattice  hringes  in  both  the  Co  and  Pt  layers  are  consistent  with  a 
[110]  zone  axis  image  of  an  FCC  material,  indicating  that  the  film  is  fee  throughout.  This  film 
exhibited  an  in-plane  magnetic  easy  axis  before  aimealing. 

After  annealing  at  67S°C  for  14  hours,  the  mastic  ea^  axis  switched  to  out-of-plane  with 
a  net  perpendicular  magnetic  anisotropy  of  1.9xl(F  erg/cm^,  and  a  magneto-optic  Kerr  rotation 
of  0.4°  at  saturation,  for  a  wavelength  of  633  nm.  This  draniatic  change  in  magnetic  properties 
was  a  direct  result  of  the  formation  of  c-axis  oriented  CoPt  upon  annealing.  Figure  2  shows  a 
high  resolution  cross  section  image  of  the  same  film  shown  in  Figure  1,  ^ter  annealing.  The 
zone  axis  is  again  MgO  [1 10]  and  the  growth  direction  is  vertical.  In  this  case  the  fringes  seen  in 
the  image  are  due  to  the  (001)  and  (llO)  planes  in  the  ordered  structure,  with  spacings  of 
approximately  3.7A  and  2.7A,  respectively.  These  planes  are  forbidden  for  any  of  the 
constituent  materials  in  the  film  and  will  only  appear  as  a  result  of  ordering,  so  the  image  shown 
in  Figure  2,  as  well  as  extensive  x-ray  diffraction  measurements,  conclusively  demonstrate  the 
presence  of  a  significant  amount  of  the  ordered  phase.  Similar  results  have  been  obtained  for 
FePt  films  stack^  along  [001],  which  show  a  dramatic  improvement  in  magnetic  properties  upon 
annealiiig  to  form  c-axi$  oriented  FePt(6,7I.  It  is  worthwhile  noting  that  HREM  easily 
distinpishes  the  ordered  Llg  phase  from  the  fee  disordered  alloy.  Thus  we  can  say  that  there  is 
no  evidei^  of  wdering  as  the  as-deposited  Co-Pt  interfaces  in  our  images.  It  will  be  of  interest 
to  detomine  the  extent  that  ordering  can  be  detected  in  such  images  by  computer  simulation  (e.g. 
[8])  and  this  work  is  currently  undemay. 


Pt/CO  multilayers  oriented  along  the  (U 1]  out-of-plane  direcrion  present  the  most  promising 
magneto-optic  recording  properties  in  the  blue-range  wavelengths  [9],  These  multilayers  have 
been  shown  to  display  large  magnetic  coercivities  and  perpendicular  magnetocrystalline 
anisotropies  and  have  remanent  perpendicular  magnetization  of  about  100%  (2, 9- 1 1  ].  In  spite  of 
this,  there  has  not  been  a  large  scale  effort  a  chtncterize  these  structures  by  TEM  and  correlate 
the  relevant  magneto-optic  properties  with  microstructural  features.  The  most  promising 
combination  of  properties  in  the  Pt/Co  multilayer  structures  is  achieved  when  the  individual  Co 
layer  thicknesses  corresponds  to  the  stacking  of  two  close-packed  planes  and  the  Pt  layer 
thicknesses  correspond  to  five  to  seven  monolayers  (2,9-16].  For  these  cases,  the  perpendicular 
anisotropy  energy,  is  maximum.  Maximizing  the  anisotropy  energy  becomes  important 
because  it  aids  in  the  stabilization  of  the  magnetic  domains  which  is  a  critical  ^pect  for  high 
density  reoxding.  It  is  well  known  that  cubic  symmetry  does  not  allow  fw  a  uniaxi^  magnetic 
anisotropy  and  therefore  the  presence  of  hep  Co  was  thought  largely  responsible  for  giving  origin 
to  a  bulk  anisotropy  contribution  term.  A  Ndel  type  symmetry  breaking  effect  contributing  to 
through  an  interface  anisotropy  term  is  also  believed  important  [15].  Therefore,  sharp 
interfaces  between  the  Co  and  the  Pt  were  diought  beneficial. 

In  this  work  we  contrast  the  magnetic  properties  and  high  resolution  TEM  images  from  two 
multilayers  with  identical  period  but  sputtered  with  different  gas  compositions.  Figure  3  shows 
the  microstructure  resulting  from  a  film  sputtered  in  a  100%  Ar  atmosphere  while  Figure  4  shows 
the  high  resolution  image  from  the  film  sputtered  in  an  Ar/Xe  mixture.  The  sample  in  Fig.  4  was 
additionally  annealed  at  340  “C  for  3.25  h.  It  is  evident  from  the  figures  that  the  atomic  structures 
are  quite  different.  The  Ar/Xe  sputtered  film  shows  100%  fee  stacking.  The  composition 


Figure  3.  High  resolution  TEM  micrograph  from  a  Pl/Co  multilayer  structure  sputtered  in 
a  100%  At  ambient  at  1.5  mTorr.  The  horizontal  fringes  are  traces  of  the  (.1 1 1)  close 
packed  planes.  A  large  number  of  stacking  faults  are  present.  The  stacking  is  mostly  fee 
although  hep  is  also  present.  The  composition  modulation  is  not  visible  under  these 
imaging  conations. 
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Figi«  4;  High  resolution  TEM  micrograph  from  a  Pt/Co  multilayer  structure  sputtered  in 
a  mixed  Ar/Xe  ambient  at  5  mToir.  TTie  stacking  is  100%  fee  and  free  of  stacking  faults. 

The  composition  modulation  is  visible  and  indicated  by  arrows. 

modulation  can  also  be  clearly  distinguished  and  the  interfaces  do  not  appear  to  be  chemically 
sharp.  In  this  regard,  it  is  very  difficult  to  quantify  the  degree  of  intermixing  at  the  interfaces 
from  these  type  of  images.  However,  Pt  and  Co  are  miscible  in  each  other  and  therefore  mixing 
at  the  interfaces  is  expected  to  take  place.  On  the  other  hand,  the  Ar  sputtered  film  shows  a 
heavily  faulted  stiuctuie.  A  study  of  this  and  other  micrographs  indicates  that  the  Co  is  in  both 
fee  and  hep  form.  These  stacking  faults  were  attributed  to  the  presence  of  hep  Co  but  they  are 
often  also  seen  within  the  Pt  layer  themselves  [16). 

The  association  of  these  faults  with  hep  Co  led  to  the  proposition  that  their  presence  might  be 
responsible  for  enhancing  the  uniaxial  anisotropy  energy  [16).  Following  these  arguments  it 
would  be  reasonable  to  think  that  the  faulted  structure  would  yield  a  larger  value  for  the 
perpendicular  magnetic  anisotropy  compared  to  the  unfault^  one.  However,  torque 
magnetometry  indicates  a  value  of  6  x  lO*  erg/cm^  for  A ,  for  the  Xe/Ar  sputtered  sample  and 
1.8  X  106  erg/cm^  for  the  Ar  sputtered  film.  Our  results  therefore  indicate  that  the  presence  of 
hep  Co  is  not  necessary  to  produce  a  highly  anisotropic  magnetic  uniaxial  film.  Furttermore,  the 
necessity  of  sharp  interfaces  also  appears  to  be  unfound^.  The  origin  of  the  large  magnetic 
anisotropy  of  the  Xe/Ar  sputtered  sample  cannot  be  easily  explained  at  present.  The  use  of  TEM 
techniques  to  study  the  atomic  structure  and  correlate  it  to  the  magnetic  measurements  can  be 
instrumental  in  arriving  at  more  satisfactory  models  to  explain  such  Ixhavior. 


The  magnetic  performance  of  cobalt  alloy  longitudinal  magnetic  recording  media  is  just  as 
interface  dependent  as  that  of  magneto-optic  multilayer  media.  Present-day  production  recording 
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Bguic  S.  Schematic  cross-section  of  a  k>ngiiudinal  recording  medium. 


media  often  consist  of  NiP  plated  aluminum  substrates  on  which  three  sputtered  thin  films  are 
deposited  as  shown  schematically  in  Figure  S.  Hie  ferromagnetic  cob^t  (Co)  alloy  layer  is 
generally  preceded  by  a  500A-2000A  chromium  (Cr)  underlayer  which  forms  a  columnar, 
crystalline  microstructure  on  top  of  the  amorphous  plated  layer  as  in  Figure  6  (17,  18).  The 
morphology  and  crystallography  at  the  top  surface  of  the  Cr  layer  can,  however,  depend 
dramatically  on  sputtering  parameters  such  as  temperature,  morphology  and  bias  of  the  substrate, 
chamber  argon  pressure,  and  sputtering  time  and  power  (19,  20],  The  details  of  the  Co  alloy 
microstructure  and  the  resulting  magnetic  properties  of  the  complete  recording  media  are  then  a 
strong  function  of  both  the  detailed  microstructure  of  the  Cr  template  and  of  the  nucleaiion, 
growth  and  coherence  level  at  the  Co  alloy/Cr  interface,  which  can  be  observed  in  the  CoCrTa/Cr 
sample  (Figure  7)  [21,  22]. 


Figure  6.  Cross-section  HRTEM  image  of  Figure  7.  Cross-section  HRTEM  image  of  the 
the  Cr/NiP  interface  showing  the  formation  CoCiTa/Or  interface  showing  the  semicoherent 
of  crystalline  Cr  on  the  amorphous  substrate.  interface  which  controls  the  crystallographic 

orientation  of  the  Co  alloy  layer. 


Figure  8.  Plan-view  HRTEM  image  of  the  CoCrTa  layer  showing  in-plane  c-axis  orientation  of 
the  hep  grains,  stacking  faults  and  intergranular  separation  as  labeled. 
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For  example,  the  medium  in  Figures  6  and  7  was  deposited  at  250°C.  and  has  a  high 
coercivity  of  1300  Oe.  An  identical  GoCrTa  film  deposited  without  a  Or  underlayer  is  not 
oriented,  and  has  a  much  lower  coercivity  of  about  600  Oe.  A  room  temperature  deposited 
CoOTa/Cr  medium,  otherwise  identical  to  that  shown  in  Figures  6  and  7,  also  has  a  coercivity  of 
about  600  Oe.  Under  such  low  mobility  conditions  the  films  are  incoherent,  and  again  the 
piefetied  orientation  is  kMt.  High  values  of  coercivity  (the  magrtetic  field  r^uited  to  ch^ge  the 
sign  of  the  magnetization)  are  desired  for  low  noise  and  to  avoid  accidental  overwrite  of 
neighboring  bits. 

The  effect  of  the  interface  structure  on  the  resulting  Co  alloy  grain  structure  can  be  observed 
by  plan-view  HRTEM  of  the  CoCrTa  layer  (Figure  8)  [23].  Observed  changes  in  the 
intergranular  separation,  orientation,  predominance  of  the  hep  Co  alloy  phase  and  the  stacking 
fault  density  can  all  affea  magnetic  performance  and  are  all  controlled  in  large  by  the  initial 
growth  of  (>  at  the  substrate  int^ace  and  of  the  txibalt  alloy  at  the  Co  alloy/Cr  interface. 


CONCLUSIONS 

HREM  can  play  an  extremely  important  illuminating  role  in  characterizing  the  structure, 
especially  at  interfaces  in  magnetic  thin  films.  Examples  of  studies  on  Co/Pt  and  Fe/Pt 
multilayers,  and  Co-alloy  based  recording  media,  illustrate  the  type  of  information  which  is 
readily  available  More  detailed  analysis  is  possible  as  the  range  of  applicability  becomes 
increasingly  sophisticated. 
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ABSTRACT 

The  room-temperature  growth  of  Fe  on  (.'u(IOO)  has  been  studied  using  the  scanning 
tunneling  microscope  (STM)  to  determine  low-coverage  growth  mode  and  local  structures 
related  to  the  Fcc-ncc  structural  transformation.  Results  for  submonolayer  deposition 
demonstrate  an  initial  interchange  of  deposited  Fe  atoms  with  substrate  Cu.  This  leads  to  a 
highly  rough  Fe-Cu  interface  and  growth  characteristics  that  for  different  experimental 
techniques  can  resemble  3-D  island  growth  or  layer-by-layer  growth.  For  a  thickness  ~I4 
monolayers,  the  rcc-BCC  transition  is  observed  to  occur  via  the  formation  of  fairly  large 
martensitic  grains,  rather  than  by  a  change  in  atomic  aggregation.  The  implications  of  the 
instability  ofrcc-Fe,  as  evident  in  both  low-  and  high-coverage  data,  are  considered. 


INTRODUCTION 

A  great  deal  of  effort  is  being  devoted  to  understanding  the  magnetic  properties  of 
ultrathin  metal  films  and  layered  structures,  with  layers  typically  less  than  10  atoms  thick.  A 
serious  hindrance  to  the  complete  understanding  of  these  properties  has  been  uncertainty 
about  the  actual  structure  of  the  films.  Of  obvious  importance  is  the  film  morphology,  since 
films  of  a  uniform  thickness  can  differ  markedly  in  magnetic  properties  from  films  whose 
thickness  varies  by  only  a  few  atomic  diameters  over  length  scales  of  several  nanometers. 
Fqually  interesting  are  local  or  global  variations  in  atomic  structure  in  the  films  such  as 
strain  and  defects.  In  recent  years  it  has  become  increasingly  clear  that  the  scanning 
tunneling  microscope  (STM)  is  an  excellent  tool  lor  investigating  these  quc.ftiont. 

Fe  grown  epitaxially  on  Gu(IOO),  which  is  the  subject  of  this  paper,  is  a  magr.ctically 
important  system  that  illustrates  the  richness  of  structural  variation  possible  in  these  very 
thin  films.  This  is  ironic,  since  early  hopes  were  that  one  could  determine  the  physics  of  a 
simple  monolayer  of  face-centered  cubic  Fe  readily.  Soon  afier  ilic  growth  of  face-centered 
cubic  (FCC)  Fe  on  Cu(lOO)  was  reported,*  contradictions  began  to  appear  in  the  literature 
regarding  its  room-temperature  growth  mode.  Auger  electron  spectroscopy  (AF.S) 
breakpoints  were  interpreted  initially  as  indicating  layer-by-layer^  and  later  as 
bilayer-by-bilayer  growth.'  Anisotropies  of  AFS  and  x-ray  photocmission  (XPS)  intensities 
indicated  that  a  significant  fraction  of  Fe  atoms  in  a  submoiiolayer  deposit  were  buried 
beneath  other  atoms,  which  seemed  to  indicate  the  growth  of  bilayer  or  3-D  islands.*-  I  he 
variations  in  dilfracted  intensity  observed  using  rellection  high-energy  electron  diffraction 
(RlinErH**,  medium-energy  electron  diffraction  (MliFD)^,  and  helium  atom  scattering 
(HAS)*'  V  have  been  interpreted  as  indicating  an  initial  3-D  growth  followed  by  island 
coalescence.  This  appears  in  conflict  with  S'l  M  observations  of  only  monolaycr-bigh  islands 
for  low-coverage  (<0.2  monolayer  (ML))  Fe  deposits.'**  /\n  additional  complication,  and 
indeed  an  essential  element  for  understanding  the  actual  structure  and  resolving  'hese 
contradictions,  is  the  intermixing  of  Cu  atoms  with  the  deposited  Fe  first  observed  using 
XPS*  and  examined  in  more  detail  with  STM.'" 

These  disparate  conclusions  about  ihe  structure  of  Fe  on  Cu(IOO)  arc  sometimes 
dismissed  as  dilTcrentcs  in  sample  preparation,  since  the  structure  could  prove  anomalously 
sensitive  to  variations  in  substrate  quality,  vactiiim  clcanlinc.s.s,  and  deposition  conditions. 
We  note,  however,  that  different  groups  using  essentially  similar  techniques  (e.g.,  AF.S  or 
XPS  forward  scattering;  or  various  topography-sensitive  dilfraction  methods)  have  usually 
found  very  similar  data,  these  lab-to-lab  variations  notwithstanding.  It  seems  instead  that 
differences  in  interpretation  have  arisen  bciausc  each  technique  measures  only  a  few 
characteristics  of  the  growth,  and  these  arc  insuflicicnt  to  characterize  behavior  that  lies 
outside  our  conventionally  accepted  modes.  Indeed,  the  extensive  STM  results  described 
here  (and  presented  more  thoroughly  elsewhere"-  demonstrate  a  mode  that  can  be 
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ilescrihcd  as  “intcrinixing-CQiitrulled  luicication,”  the  results  ol  which  can  appear  suiular  In 
cither  a  laycr-by-laycr  mode  or  1-I)  growth,  depending  on  the  measurements  made 

(A  further  source  of  confusion  is  the  inconsistent  "so  oi  growth-mode  terminology  I  he 
onset  of  second-  and  higher-layer  growth  before  the  first  laye'  is  complete  can  occur  lx;causc 
of  kinetic  limitations,  such  as  an  energy  barrier  that  keeps  atoms  from  crossing  atomic  steps 
Depending  on  the  amount  of  the  higher-layer  growth,  we  all  this  "neatly  laycr-by  layer"  or 
“simultaneous  multilayer"  growth.  In  the  STM  this  is  easily  distinguished  from  true  .VI) 
growth,  which  occurs  when  there  is  both  a  thermodynamic  driving  farce  anu  sufficient 
step-crossing  mobility  for  deposited  atoms  to  f-rm  )-D  clusters  that  minimize  their  surface 
energy.  For  many  experimental  techniques,  however,  these  will  yield  similar  results.) 

With  further  deposition  (>4  Ml.)  there  is  more  agreement  about  the  growth  mode, 
which  becomes  nearly  layer-by-layer’’  and  presumably  yields  a  film  of  good  ret;  I'e.  I  his 
continues  until  the  Fe  fii.ti  converts  to  its  bulk-stable  body-centered  cubic  (Bee)  structure,  at 
a  thickness  of  ~.14MI,,  a  value  that  can  depend  on  contamination  and  temperature. 
Transmission  electron  microscopy'^  and  more  recently  low-energy  electron  diffraction 
(LFF.D)  and  STM'*  have  been  used  to  show  that  the  nee  Fe  exists  in  the  Pitsch 
orientational  relationship"’  injvhich  [llOJatc  lies  parallel  to  the  flOO],cc  surface  normal,  and 
the  close-packed  directions  <1 1  Dbcc  and  <01  l>|.<c  arc  parallel.  This  yields  four  different  grain 
orientations,  generated  by  reflections  through  (01 1)  and  (01 1)  mirror  planes  of  the  substrate. 
As  one  expects,  the  structural  transition  changes  measurable  properties  such  as  magnon 
dispersions.'’  Little  has  been  known  about  the  proce.sses  and  forces  responsible  for  the 
rcr-BCC  transformation  in  these  films,  however.  In  the  second  section  of  this  paper  we 
show  that  STM  can  reveal  a  great  deal  about  this  .structur-.l  transition,  fhe  results  show  a 
martensitic  transformation  that  occurs  locally  in  the  "hulk"  of  the  thin  film. 


EXPERIMENTAL 

The  experiments  were  performed  in  a  multi-chamber  ulira-high-vacuum  (I'llV) 
system"*  in  which  samples  were  prepared,  characterized,  and  examined  with  the  S  I  M  in  the 
same  UllV  environment.  Single-crystal  Cu(IOO)  substrates  were  cleaned  by  repeated  Ar-ion 
bombardment  and  brief  600”C  anneals.  A  cooling  time  of  >  I  hour  after  the  final  annealing 
step  left  the  sample  at  nominal  room  temperature  (RT),  29.SK  <  T  <  310K,  during 
deposition.  For  some  experiments  the  sample  holder  for  deposition  was  coo'cd  with  liquid 
nitrogen  or  heated  with  an  embedded  resistive  heater.  Fc  deposition  was  from  a  coiled  1  mm 
wire  of  99.998%  Fe  ~.50cm  from  the  sample,  heated  by  electron  bombardment  to  yield  a 
typical  rate  of  I  ML/80s.  F.vaporator  operation  caused  a  rise  in  background  pressure  of 
~  7  X  10"  "Torr,  and  a  small  carbon  peak  was  usually  seen  in  AliS  rpectra  after  deposition. 
Deposition  rate  was  usually  monitored  using  an  ion  gauge  exposed  to  part  of  the  evaporated 
Fe  flux,  which  measured  3  x  10  *Torr  at  our  standard  deposition  rate.  As  suggested  by 
r.gclhofr,'7  the  difTerence  between  this  ion-gauge  reading  and  the  background  pressure  was 
integrated  to  determine  the  total  Fe  dose.  I'otal  deposited  amounts  were  determined  with 
the  STM  by  measuring  the  volume  of  aggregated  material  (islands  plus  deposits  .it  steps); 
care  was  taken  to  choose  representative  areas  and  to  miniinizc  errors  due  to  the  broadening 
of  island  images  by  the  finite  S  TM  tip.  For  depositions  of  <2ML,  these  S  TM  measurements 
agreed  with  the  ion-gauge  estimates  of  I'e  dose  to  within  .*%.  This  not  only  confirms  tlic 
accuracy  of  the  ion-gauge  method  but  also  verifies  a  one-to-one  correspondence  between 
deposited  material  and  apparent  aggregates  on  the  surface.  fhickcr  deposits  consumed 
enough  of  the  total  Fe  charge  to  change  the  spatial  distribution  of  Fc  vapor  and  thus  the 
gauge  calibration,  so  coverages  in  the  second  section  of  the  paper  arc  estimates  based  on 
Auger  electron  intensity  ratios  and  on  other  reports  of  the  1 1 1  -nee  transition  in  the 
literature.’’  '* 


RESULTS  AND  DISCUSSION:  INITIAL  GROWTH 

STM  measurements  show  that,  for  depositions  up  to  0.7MI.,  most  island  aica  is  only 
I  atomic  layer  high  (fig.  1(a)).  Incident  atoms  that  land  atop  an  island  that  has  already 
formed  arc  therefore  able  to  contribute  to  first-layer  aggregatiott,  either  by  stepping  over  the 
island  edge  or  by  some  atomic  interchange.  While  the  topography  rules  out  a  true  bilay'-r  nr 
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Figure  I.  layer  growth  in  Fe  depon'led  on  Cu(tOO)  M  .IfiOK.  (a)  STM  ima^  of  0.66MI.  I'c 
deposited  on  Cu(lOO),  This  coverage  is  just  Selaw  the  firsi-Uycr  pcrcolatisn  threshold,  so 
rirst-layer  islands  have  coalesced  into  ^ly  large  but  still  separate  aggregates.  A  large  number  of 
second-layer  Islands  accounts  for  10%  of  the  surface  atea;  mo.sl  of  the  .surface  is  covered  just  IMI 
deep,  (b)  STM  image  of  1.30MI-  Fe  on  Cu(lOO).  Second-layer  growth  now  covets  45“/o  of  the 
surface,  and  15%  of  layer  0  remains  uncovered. 

3-D  island  growth  mode  on  our  samples,  it  does  not  indicate  ideal  layer-by-layer  growth. 
First,  it  is  shown  below  that  a  significant  fraction  of  the  deposited  Fe  atoms  form  inclusions 
within  the  top  layer  of  the  Cu(I00)  surface  (“layer  0"),  and  a  corresponding  amount  of  the 
first-layer  aggregate  consists  not  of  Fe  but  of  Cu  atoms  displaced  by  Fe  atoms.  Second, 
beyond  the  0.7MI,  threshold,  the  .second-layer  coverage  (i.c.,  the  fraction  of  the  surface 
covered  by  aggregates  2  or  more  layers  thick)  begins  to  increase  rapidly.  A  IMl,  deposit 
leaves  ~20%  of  the  sample  covered  with  bilayer  aggregates  and  ~20%  of  layer  0  (the 
starting  substrate  surface)  exposed.  After  1.3MI,  is  deposited  (fig.  1(b)),  45%  of  the  second 
layer  is  filled,  while  15%  of  layer  0  remains  exposed.  The  rate  of  .second  layer  growth 
beyond  the  0.7M1.  threshold  shows  that  almost  every  atom  that  lands  atop  a  first-layer 
aggregate  contributes  to  second-layer  coverage.  It  is  surprising  at  first  to  find  this  fairly 
abrupt  change  in  atomic  behavior,  and  perhaps  more  surprising  that  it  coincides  with  the 
coalescence  of  first-layer  islands  into  a  percolating  network.  But  downward  steps  can  be 
highly  refiective  boundaries  for  adatoms  diffusing  on  the  upper  terrace,  so  those  adatoms 
may  reside  atop  an  island  for  a  considerable  time  before  finally  stepping  down  to  the  first 
layer.  Before  coalescence,  such  adatoms  arc  constrained  atop  .small  islands,  so  repeated 
reflections  do  not  change  the  adatoms'  ultimate  fate,  except  if  enough  atoms  reside  on  the 
same  island  long  enough  to  nucleate  a  new  .second-layer  i.sland.  After  percolation,  such  an 
adatom  can  travel  a  long  distance  atop  the  network  until  it  finds  a  second-layer  island  that 
will  absorb  it.  In  this  model,  the  absorption  of  adatoms  by  the  second-layer  islands  should 
suppress  the  nucleation  of  new  second-layer  islands  after  percolation,  and  this  is  observed  in 
the  STM  data. 

The  change  in  growth  behavior  has  an  important  consequence  for  the  interpretation  of 
diffraction  intensity  results. The  nearly  layer-by-layer  aspect  of  the  growth  before  the 
transition  accounts  very  well  for  the  sharp  decrease  in  diffracted  intensity.  (We  note  that 
true  3-D  islands  would  cover  less  surface  area  and,  at  least  in  an  antiphase  kinematic 
analysis,  produce  a  much  slower  dropoff.)  A  continued  layer-by-layer  topography  would 
cause  an  intensity  maximum  when  the  first  layer  is  completed,  but  this  is  suppressed  by  the 
onset  of  second-layer  growth.  The  20%-60%-20%  distribution  of  exposed  layer  heights  at 
IMI.  deposition  corresponds  to  a  relative  kinematic  intensity  of  (O.h -(0.2 -f  0.2))^  =  0.04, 
roughly  consistent  with  experimental  diffraction  results.  A  full  analy.sis  incorporating  the 
length  .scales  of  the  measured  topography^l  yields  good  quantitative  agreement  between 
predictions  from  STM  data  and  published  MliliD  results. 


Fe  inclu.fioii.« 


As  is  noted  above,  there  is  considerable  evidence  that  room-temperature  deposition 
does  not  lead  to  simple  Fe  aggregation  atop  an  undisturbed  ('u(IOO)  surrace;  some  sort  of 
intermixing  is  clearly  present.  STM  images  indicate,  directly  and  indirectly,  how  Cu  atoms 
are  redistributed  by  Fe  deposition.  Exposure  of  a  ().92M/-  I'e  deposit  to  O^,  for  example, 
reveals  the  compositional  heterogeneity  of  the  first-layer  aggregate  by  leaving  (^u  regions 
unchanged  but  converting  monolayer  Fe  to  a  hexagonal  FeO  layer  with  easily  observed 
atomic  corrugation.**'  *2  The  unusual  evolution  of  the  island  size  distribution,  discussed 
below,  proves  that  some  modifications  of  the  substrate  are  involved  in  island  nucleation, 
though  by  itself  this  does  not  demonstrate  intermixing  as  the  cause.  1he  most  direct  picture 
of  intermixing,  however,  is  found  in  STM  images  at  coverage  <0.2ML  (figure  2).  Aher 
room-temperature  deposition,  two  distinct  kinds  of  features  are  always  seen.  True 
topographic  features  (steps  and  islands)  have  apparent  heights  and  shapes  that  are  mostly 
independent  of  bias  voltage  and  tip  condition.  An  island  number  density  n  =  3.5/(100^)’  is 
typical  for  low-coverage  RT  deposition  at  IMl./80s.  Also  observed  are  smaller  (typ.  <10A 
wide),  more  numerous  (n  =  50/(100^^.)  features  that  may  appear  higher  or  lower  than  the 
surrounding  terrace,  depending  on  tip  condition  and  bias.  Our  initial  report  of  these  features 
concentrate  on  an  unusual  (and  not  easily  reproduced)  imaging  mode  that  apparently 
involved  reversible  tip  changes.***  Many  later  measurements  have  shown  that  these  patches 
could  be  imaged  fairly  reliably  as  shallow  apparent  depressions  in  the  surface.  The  tip-  and 
bias-sensitivity  demonstrates  that  the  patches  differ  electronically  or  chemically  from  the 
surrounding  Cu  surface,  presumably  due  to  a  composition  difference.  There  may  also  be  a 
systematic  height  difference  between  the  patches  and  the  surrounding  ('u,  but  that  difference 
must  be  small  compared  to  the  I.SA  height  of  Cu(IOO)  steps. 

We  have  determined  that  the  patches  are  Fe  inclusions  embedded  in  the  Cu  surface 
(layer  0).  The  aggregate  area  of  patches  agrees  with  the  total  amount  of  Fe  deposited,  in 
particular  within  0.01  ML  for  a  O.IIML  sample,  although  area  measurements  of  such  small 
patches  has  a  fairly  large  relative  uncertainty  (IS%).  When  no  Fe  is  deposited  the  patches 
are  not  observed,  and  when  deposition  is  slowed  by  a  factor  of  10  to  increase  the  amount  of 
contamination  relative  to  Fe,  the  patch  area  is  again  the  amount  of  deposited  Fe.  For  this 
slow  deposition  (fig.  2(a,b)),  the  spacing  between  patches  is  increased  somewhat,  which  also 
occurs  when  deposition  is  onto  a  sample  heated  to  ~I00°C  (fig.  2(c)).  Fe  deposited  onto  a 
sample  at  I20K  and  subsequently  annealed  to  RT,  which  in  XPS  studies  did  not  exhibit 
intermixing,^  also  does  not  exhibit  patches  in  the  STM  (fig.  2(d)).  This  proves  that  the 
patches  do  not  arise  merely  from  the  adsorption  of  contamination  during  or  after  deposition. 
Heating  the  sample  of  fig.  2(d)  to  ^ISO’C,  a  temperature  sufficient  to  cause  intermixing  in 
XPS  studies,  does  produce  Fe  inclusions  with  a  similar  STM  appearance  to  those  in 
room-temperature  samples.  While  it  is  conceivable  that  contamination  could  in  some  way 
facilitate  the  formation  of  Fe  inclusions  or,  more  likely,  their  visibility  in  the  STM,  it  is 
certain  that  the  inclusions  themselves  arc  composed  mostly  of  the  deposited  Fe  atoms. 


Figure  2.  Fe  inclusions  in  Fe  deposited  on  Cu(IOO)  at  .TOOK,  (a)  Wide  scan  of  ~0.05MI,  I'C 
deposited  slowly  (IMI^SOOs)  shows  both  Cu  islands  (light  .spot.s)  and  more  numerous  Fc 
inclusions  (darker  patches  on  each  terrace,  (b)  (3oscr  view  of  the  same  sample  shown  in  (a),  (c) 
Deposition  of  0.1  ML  at  SO^C  yields  somewhat  larger  patches.  Appearance  of  most  islands  is 
altered  by  patches  near  edge,  (d)  0.2ML  Fc  deposited  at  '  l2t)K  and  annealed  to  300K.  (e) 
Sample  of  (d)  after  further  annealing  to  420K. 
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The  contrast  mechanism  that  makes  I'c  inclusions  visible  in  the  S  TM  does  not  show  a 
distinction  between  Fc  and  ('u  in  all  circumstances.  In  particular,  the  nearly  pure  Fe  islands 
produced  by  deposition  at  I20K  and  RT  annealing  do  not  show  a  bias-dependent  reduced 
height;  these  islands  have  a  normal  topographic  appearance.  In  images  of  MT  deposits 
above  about  0.2MI-,  for  which  Fe  atoms  have  started  contributing  to  first-layer  aggregation, 
patches  with  appearance  similar  to  inclusions  do  appear  when  the  Fe  component  of  the  first 
layer  is  small.  The  Fe-Cu  boundary  is  not  usually  imaged  clearly,  however,  when  the 
first-layer  Fe  areas  are  fairly  targe.  It  is  easy  to  imagine,  but  difficult  to  prove,  that  the 
contrast  for  inclusions  may  arise  from  electronic  states  or  preferential  contaminant 
adsorption  that  depends  on  the  size  of  the  Fe  cluster  or  the  detailed  atomic  arrangement  at 
the  Fe-Cu  boundary.  Supporting  this  possibility  is  the  observation  that  the  Fe-Cu  contrast 
seen  for  inclusions  is  not  a  simple  level  shift  but  also  may  contain  a  significant  edge 
component,  as  can  be  seen  in  lig.  2  (b)  and  (c). 

The  existence  of  the  Fe  inclusions,  and  their  re.sponse  to  temperature,  raise  interesting 
questions  about  the  surface  thermodynamics  of  this  system.  The  formation  of  segregated 
inclusions  rather  than  a  random  Fe-Cu  alloy  implies  that  clustering  of  implanted  Fe  atoms 
reduces  total  energy;  i.e.,  Fe-Cu  mixing  at  the  surface  is  endothermic,  as  in  bulk.  The 
conversion  of  some  Fe  i.slands  into  inclusions  upon  moderate  annealing  suggests  that 
inclusions  are  energetically  favorable  to  monolayer  islands.  Changing  an  Fe  island  into  an 
inclusion  requires  removing  an  equal  number  of  Cu  atoms  from  the  surface  and  making  an 
island  with  them.  To  the  extent  that  a  single  layer  of  atoms  can  be  described  with 
con'inuum  surface/interface  energies  acting  on  an  enclosing  box,  the  increase  in  Cu  surface 
and  in  Cu-Fe  interface  are  both  equal  to  the  decrease  in  Fe  surface  area,  namely  the  area  of 
the  island's  outer  edge.  Then  the  surface  and  interface  energies  must  be  related  by 
yft  >  yc«  +  y/v.ci/,  where  the  Fe  terms  are  not  for  bulk  Bcc  Fe  but  for  FCC  Fe  strained  to 
match  the  Cu  lattice.  A  plausible  model  for  inclusion  formation  is  that  Fe  adatoms  on 
Cu(IOO)  diffuse  only  a  short  distance  at  RT  before  undergoing  an  atomic  exchange  with  a 
substrate  atom,  like  the  exchange  process  involved  in  self-diffusion  on  some  rccflOO)  metal 
surfaces.^'  This  is  driven  by  atomistic  energetics  that  correspond  to  the  relation  between 
continuum  surface-energies  stated  above;  an  Fe  adatom  on  Cu(IOO)  has  a  higher  total 
energy  than  a  Cu  adatom  plus  an  Fe  substitutionaf  impurity.  The  thermodynamic  force 
toward  Fe  segregation  may  appear  as  a  larger  energy  release  and  a  smaller  activation  barrier 
for  Fe-Cu  exchange  next  to  other  Fe  atoms.  After  an  atom  exchange,  the  Cu  adatom  that  is 
released  behaves  as  would  a  deposited  Cu  atom,  which  during  early  deposition  stages  means 
it  either  diffuses  to  a  step  or  encounters  enough  other  (^u  atoms  to  form  an  island  nucleus. 

With  deposition  beyond  0.2MI,  it  becomes  increasingly  difficult  to  find  Fe  inclusions  in 
the  exposed  substrate,  though  compositional  heterogeneity  in  first-layer  growth  is  usually 
visible,  as  discussed  above.  At  these  coverages  the  dominant  growth  is  still  confined  to  the 
first  layer,  but  the  island  nuclcation  and  growth  becomes  complicated.  In  normal  island 
growth  an  initial  nucleation  stage  is  followed  by  a  growth  phase  in  which  islands  absorb  the 
available  adatoms  and  suppress  further  island  nuclcation,  so  that  island  number  density  is 
nearly  constant  and  the  average  island  .size  increases  steadily.  For  Fc  on  (!u(100),  however, 
new  small  islands  continue  to  form  even  after  the  larger  islands  have  begun  to  coalesce.  The 
new  i.slands  are  nucleated  heterogeneously  by  the  Fc  inclusions;  one  indication  of  this  is  that 
the  final  spacing  of  these  small  islands  is  very  nearly  the  spacing  of  inclusions  at  low 
coverage.  The  high  surface  energy  of  Fe  discussed  above  makes  Fe  inclusions  favorable  sites 
for  Fe  or  Cu  adatom  aggregation.  With  islands  closely  spaced,  deposited  Fc  atoms  more 
frequently  attach  to  these  islands  than  exchange  witli  Cu  atoms,  so  little  more  intermixing 
occurs.  This  behavior  continues  until  .second-layer  growth  becomes  dominant  as  described 
above. 

The  structure  that  results  from  this  evolution  of  the  aggregation  behavior  is  shown  in 
Fig.  3.  The  low-coverage  figures  (h  and  c)  illustrate  the  early  formation  of  Fe  inclusion  and 
the  nucleation  of  islands  by  these  inclurlons,  the  length  scales  arc  cho.scn  to  match  those 
observed  in  S  TM  images.  At  I  Ml,,  the  I'e  is  distributed  as  roughly  20"i/00"/«/20Vo  in  layer 
0  (originally  Cu)/layer  1/laycr  2,  respectively.  By  this  point  the  Fc  inclusions  have  been 
covered  by  first-layer  growth,  so  the  portions  of  layer  0  that  remain  exposed  (amounting  to 
20%  of  the  surface)  consist  of  (^u.  The  locations  of  second-layer  islands  in  S  TM  images 
show  that  they  tend  to  grow  atop  first-layer  Fc,  leaving  exposed  most  of  the  Cu  atoms  that 
have  been  incorporated  into  the  first  layer  by  the  Fc-Cu  exchange  process;  this  accounts  for 
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(a) 

(b)  _ 


Figure  3.  Schematic  cross  sections  of  initial  Fe  growth  on  (ru(IOO)  (300K).  Black  and  hatched 
regions  denote  Fe  and  Cu,  respectively.  Arrows  and  heavy  horimntal  tines  indicate  original 
position  of  substrate  surface.  Approaimate  amounts  of  deposited  Fe  arc:  (a)  0;  (b)  O.OSMI,;  (c) 
0.3ML;  (d)  l.OML  (e)  2.0ML.  Cross  sections  are  chosen  to  illustrate  typical  sires  arid  spicings  of 
islands  uid  Fe  incluskms.  At  low  coverage  these  sections  intersect  more  islands  and  inclusions 
than  would  a  random  section,  so  the  proportion  of  Mack  regions  in  (b)  and  (c)  is  greater  than  the 
an<  unt  of  Fe  deposited  on  the  sample,  length  scales  arc  diflermt  for  horirontal  and  vertical 
directions  (step  heights  are  I  .SA). 

another  15-20%  of  the  surface.  Thus  about  .15-40%  of  the  expo.srxl  atoms  at  this  point  are 
Cu.  The  tendency  for  Fe  atoms  to  be  covered  in  the  structures  described  in  fig.  3  explains 
why  these  structures  yield  signals  suggestive  of  bilaycr  island  growth  in  AF,S  and  XPS.  Both 
integrated  intensities  and  angular  distributions  measure  the  environment  of  emitting  atoms 
within  a  lateral  scale  of  only  a  few  atomic  spacings,  so  these  methods  cannot  identify  the 
vertical  positions  of  islands  relative  to  the  original  Cu  surface.  In  fact,  the  true  structure  at 
IMl  is  almost  that  of  small,  quasi-3-l)  islands  embedded  in  the  substrate,  due  largely  to  the 
high  Fe  surface  energy  that  could  have  been  expected  to  yield  1-l>  growth.  The  essential 
difference  is  that  true  3-D  growth  will  not  revert  to  a  smooth  film,  whereas  the  topography 
in  this  system  is  still  fairly  fiat  (3  exposed  layers  account  for  >98%  of  the  surface),  which 
allows  a  nearly  layer-by-layer  mode  to  return  with  further  Fe  deposition. 

Some  structural  aspects  portrayed  in  fig.  3  remain  uncertain.  The  figure  suggests  that 
Cu  atoms  in  level  I  islands  do  not  get  promoted  to  higher  levels  by  further  Fe-Cu  exchange. 
This  is  plausible,  since  an  Fe  adatom  atop  an  island  may  be  absorbed  at  an  island  boundary 
before  undergoing  exchange,  particularly  if  the  outer  parts  of  the  island  consist  of  Fe.  For 
comparison,  we  note  that  Fe-Cu  exchange  in  layer  0  is  cITcctivcIy  suppressed  after  0.2MI. 
has  been  deposited,  at  which  point  many  inclusions  and  islands  are  present  to  absorb  Fe 
atoms.  Islands  are  typically  smaller  than  the  spacing  between  tl'.csc  features,  so  island  edges 
are  presumably  also  effective  at  suppressing  exchange.  However,  we  have  no  direct  evidence 
to  support  or  refute  the  promotion  of  a  small  amount  of  Cu  (a  few  percent  of  a  Ml.)  from 
level  I  to  level  2. 

It  is  also  not  known  from  S  TM  results  how  much  of  the  Fc  in  inclusions  is  covered  by 
second-layer  growth  after  IML  is  deposited,  i.c.,  hoiv  much  Fc  is  “doubly  buried.”  For  the 
20%-fi0”/i>-20%  distribution  of  Fc  atoms,  this  could  be  as  great  as  0.2ML  (if  Fc  inclusions 
and  layer-2  islands  arc  somehow  strongly  correlated),  as  low  as  O.OMI.  (if  completely 
anticorrelated),  or  0.05ML  (if  uncorrelatcd  beyond  the  constraint  that  all  Fe  inclusions  arc 
covered  by  first-layer  growth).  A  weak  positive  correlation,  with  0.05-0. lOML  of  doubly 
buried  Fe,  is  the  most  likely  result  of  the  island  nuclcation  in  layers  I  and  2.  These  atoms 
can  be  identified  using  AFS  or  XPS  by  a  forward  scattering  peak  along  the  surface  normal, 
and  researchers  using  these  diffraction  methods  have  reported  the  prc.scncc^  and  the  absence^ 
of  such  a  peak  for  IML  deposited  at  3lK»K.  Results  for  this  peak  were  not  expressed 
quantitatively  in  these  studies,  but  angtilar  distributions  for  different  nominal  LOML  deposits 
(Fig.  3  in  Ref.  4)  show  intensity  variations  along  the  surface  normal  that  would  lie  consistent 
with  roughly  0.0-0. 1  ML  of  doubly  buried  I'c.  The  variability  in  Ref.  4,  and  the  contradictory 
finding  in  Ref.  5,  can  be  explained  in  our  model  by  small  coverage  variations,  since  the 
amount  of  doubly-covered  Fc  rises  rapidly  with  coverage  in  this  range  liecausc  of  the 
second-layer-growth  threshold  discussed  above. 


RFSULTS  AND  DISCUSSION:  MARTENSITE  TRANSFORMATION 


The  structural  complexity  of  the  initial  growth  can  be  understood  as  resulting  Trom 
the  independent  motion  on  the  surface  of  single  atoms,  with  occasional  atom-pair  motion 
required  for  the  Fe-Cu  atomic  exchange.  One  mi^t  expect  the  eventual  change  to  BCC 
growth  would  also  occur  via  surface  processes.  The  change  from  layer  growth  to  3-D  growth 
of  Au  on  Ag(llO),  for  example,  can  be  explained  by  changes  in  local  sticking  coelTicients  for 
single  Au  attorns  dilTusing  on  the  surface.^^-  ^3  pe  on  Cu(IOO)  we  find,  however,  that 
the  FCC-BCC  transition  occurs  by  the  collective  shear  transformation  of  fairly  large  grains 
(typ.  I.V»A  wide  and  '*3000A  long)  extending  deep  into  the  Fe  film.  While  this  kind  of 
transformation  is  unusual  in  very  thin  Hlms,  these  characteristics  are  just  those  of  martensitic 
transitions  studied  in  bulk  metals  for  decades.^^ 

A  snapshot  of  the  FCC-BCC  transition  is  seen  in  S1 M  images  of  a  sample  with  nominal 
Fe  thickness  of  14ML  (F^ure  4).  LEED  for  this  sample  showed  a  coexistence  of  FCC(I00) 
and  BCC(1I0)  patterns,  oriented  with  [tlO]Kci[IOO]Fcc  and  <lTl>sccl<Oll>p<x-  bong,  narrow 
grains  are  seen  as  slightly  raised  ridges  along  the  close-packed  directions  of  the  FCC 
substrate.  The  islands  atop  these  ridges  have  a  characteristic  orientation  in  which  most 
island  edges  make  an  angle  of  ~5S*  to  the  grain  axis.  This  is  the  angle  between  the  [III] 
and  [OOl]  directions  in  the  (IIO)  plane,  identifying  these  grains  as  the  BCC(II0)  regions  of 
the  film.  It  is  a  characteristic  of  martensitic  transformations  that  grain  boundaries  between 
the  initial  and  final  phases  align  approximately  with  the  shared  close-packed  direction,  since 
this  can  be  either  an  invariant  plane  for  the  shear  transformation  relating  the  two  structures 
or  a  low-energy  slip  plane.  Close  examination  of  island  orientation  on  neighboring  grains 
often  shows  they  are  related  by  a  mirror  plane  containing  the  grains'  common  axis.  The 
existence  of  such  twin  pairs  is  a  mechanism  for  strain  energy  minimixation  characteristic  of 
bulk  martensites^^  and  is  closely  related  to  the  long-range  ordering  of  some  surface 
reconstructions.^-Jf 

A  clearer  determination  of  RCC  and  FCC  regions  is  found  in  the  different  heights  of 
atomic  steps  (fig.  4(b,c)).  Accurate  absolute  step  height  measurements  are  not  always 
possible  In  the  STM,  in  part  because  the  nominal  FCC  surface  regions  have  considerable 
undulations  (~0.3A)  that  make  definition  of  an  average  level  dillicult.  Nonetheless  the 
difference  between  BCC  (2.0A)  and  PCC  (I.7A)  steps  is  unambiguous.  Thus  in  fig.  4(b), 
regions  (i)  and  (ii)  are  BCC(I  lO)  while  (iii)  is  FCCflOO).  The  relationships  of  island  structure 
between  these  regions  are  worth  noting.  In  particular,  the  steps  that  bound  islands  and  holes 
in  (iii)  continue  across  the  ~I.2A  height  change  and  sloping  regions  that  define  the  boundary 
with  (ii).  Samples  in  which  the  FCC-BCC  transition  is  incomplete  show  a  number  of  such 
boun^ries,  where  islands  and  steps  are  shifted  vertically,  or  tilted,  by  a  constant  amount  in  a 


Figure  4.  Martensitic  ncc  Fe  grains  on  Cu(lflO).  (a)  Wide  scan  of  ~I4MI.  Fe  deposited  at  300K. 
Elongated  grains  of  ncc  Fe  lie  along  <0I  l>rcc  direaion.s,  which  are  rotated  ~I5°  clockwise  from 
vertical  and  horizontal.  Dotted  parallclogiam  marks  region  scanned  in  (b).  Parallelogram  shape 
of  'image  is  result  of  thermal  drift  compensation  alter  data  .acquisition  is  complete,  (b)  Closer 
view  of  (a).  Brackets  and  labels  (i)  A  (ii)  indicate  two  grains  that  converted  to  ncc  at  different 
times,  and  (iii)  marks  a  region  that  retains  the  rcc  sinictute.  Dotted  lines  indicate  locations  of 
litte  scans  graphed  in  (c).  (c)  Sections  of  line  scans  acmss  island  edges  shows  2.0A  step 

characteristic  of  BCC-Fe(!  lO)  (regions  (i)  and  (ii))  and  I.7A  step  of  FCC-Fe(inO)  (region  (iii)). 
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fairly  large  region,  and  appear  otherwise  unchanged.  Such  boundaries  are  characteristic  of  a 
subsurface  structural  change  that  either  is  very  rapid  compared  to  deposition  or  occurs  after 
deposition  is  complete.  In  other  studies  these  have  bMn  producol  alter  deposition  by 
STM-tip-induced  local  sample  fracture.^  In  this  case  the  change  is  the  local  Fcc-Bcc 
conversion  of  the  film,  which  produces  a  height  change  appropriate  to  the  expected  volume 
change  if  the  full  I4ML  film  is  converted.  The  oriented  island  growth  atop  many  such  grains 
shows  that  these  conversions  occur  rapidly  during  deposition,  not  afterwards.  A  bulk 
martensitic  transformation  propagates  within  a  grain  at  roughly  the  speed  of  sound  in  the 
metal,^  which  is  effectively  instantaneous  on  the  time  scale  of  dqmsition  and  aggregation. 

The  different  island  structures  in  (i)  and  (ii)  may  be  explained  by  different  times  of  the 
structural  transformation.  The  orient^  island  in  (i)  are  on  average  almost  I  ML  thick. 
They  exhibit  a  uniaxial  structure  in  which  steps  along  <00l>acc  are  preferred  (i.e.,  step 
nonnal  <tTo>Bcc),  and  substantial  second-layer  growth  well  before  the  first-layer  islands  have 
coalesced  (simultaneous  multilayer  growth).  Ihese  are  exactly  the  characteristics  recently 
reported  for  Fe  growth  on  single-crystal  BCC-re(l  IO).24  In  region  (ii)  too  little  aggregation 
has  occurred  after  conversion  to  create  islands  with  clear  DCC(  1 10)  directionality.  We  point 
out  that  in  these  and  other  regions,  and  also  for  thicker  films,  there  does  not  appear  to  be 
any  true  3-D  growth.  Nonetheless,  by  most  measures  the  surface  is  regarded  as  rough. 

The  FCC-BCC  transition  begins  before  the  film  thickness  of  fig.  4  is  reached,  and 
continues  with  further  deposition.  Its  full  evolution  is  beyond  the  scope  of  this  paper.  A 
variety  of  different  structures  occur  during  the  transformation;  ultimately  most  of  the  surface 
is  covered  with  grains  like  those  in  fig.  4.  At  the  low-thickness  end  of  the  transition,  very 
narrow  (40A)  in-plane  needle-like  grains  are  seen,  with  sloping  surfaces  indicative  of  tilted 
FCC-BCX:  boundaries.  When  much  of  the  surface  is  covered  with  the  large  grains  discussed 
above,  there  also  exist  some  fairly  small  tilted  grains  that  apparently  accommodate  strain 
between  large  grains  that  run  either  parallel  or  perpendicular.  The  orientation  of  long  grains 
in  fig.  4  is  apparently  determined  by  the  coexistence  of  Fcc  and  ncc  regions,  since  thicker 
films  exhibit  a  different  grain  shapes,  though  with  the  same  relationship  between  FCC  and 
BCC  lattices. 


CONCLUSION 

The  growth  of  Fe  on  Cu(lOO)  has  proved  much  more  interesting  structurally  than  was 
expected.  At  low  coverage  the  STM  results  revealed  not  a  simple  growth  mode  of 
monolayer,  bilayer,  or  multilayer  islands,  but  a  complex  pattern  of  growth  ultimately  caused 
by  the  very  high  surface  energy  of  F(X:-Fe(IOO).  The  model  of  fig.  3  explains  a  great  deal  of 
the  experimental  data  presented  thus  far  on  the  structure  ol  these  films.  It  docs  not, 
however,  show  how  one  can  grow  smooth,  non-intermixed  ultrathin  films  of  Fe  on  ('u(l(K)). 
While  low-temperature  deposition  does  suppress  intermixing,  mild  annealing  is  not  sufficient 
to  heal  the  high  density  of  steps  at  island  boundaries  that  result.  It  is  hard  to  escape  the 
physical  fact  that  fcc  Fe  on  Cu(IOO)  is  in  a  high-energy  configuration. 

The  conversion  of  the  Fe  films  to  ncc  structure  at  a  fairly  low  threshold  thickness  is 
another  demonstration  of  the  instability  of  FCc  Fe.  A  strong  tendency  toward  a  ncc  local 
structure  must  be  present  to  cause  the  transformation  to  extend  deep  into  the  film, 

presumably  to  the  Fe-Cu  interface.  One  must  suspect  that  this  tendency  may  cause 

structural  variations  or  distortions  even  in  films  too  thin  for  a  large-scale  transition  to  ncc 
structure.  Indeed,  the  most  plausible  models  proposed  for  the  reconstructions  apparent  in 
LF.nO  at  fairly  low  coverage^  involve  in-planc  shear  displacements  almost  identical  to  those 
involved  in  the  martensitic  transformation. 

The  historical  confusion  about  low-coverage  Fe  on  ('u(lOO)  has  shown  that 
area-averaging  methods  can  yield  misleading  results  when  the  full  implications  of 
heterogeneity  are  not  taken  into  account.  Now  that  the  structures  at  cither  end  of  the 
thickness  range  are  better  understood,  data  on  the  supposedly  well-behaved  films  of  Fe  on 

Cu(IOO)  should  be  examined  critically  for  possible  evidence  of  heterogeneity  related  to  the 

FCC-ncc  instability.  A  true  understanding  of  the  relationship  of  magnetism  to  structure  in 
Fc/(!!u(IOO)  will  require  accurate  determinations  of  local  structure  th.at  go  well  beyond  the 
many  careful  studies  that  have  already  been  performed. 
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ABSTRACT 


We  have  developed  a  novel,  high-iesolution  magnetic  imaging  technique,  scanning-ion 
microscopy  with  polarization  analysis  (SIMPA).  In  SIMPA,  a  highly-focused,  scanning  Ga'  ion 
beam  is  used  to  excite  spin-polarized  elections  at  surfaces  of  ferromagnetic  materials.  By 
measuring  the  intensity  and  the  spin  polarization  of  the  emitted  electrons  using  a  newly  developed, 
compact  Mott  polarimeter,  topographic  and  magnetic  images  of  magnetic  structures  are  obtained. 
We  report  on  first  SIMPA  studies  on  single-crystalline  Fe  samples. 


INTRODUCTION 


Quite  recently,  secondary  electron  emission  (SEE)  has  attracted,  particularly  in  combination 
with  analysis  of  the  electron  spin  polarization  (ESP),  broad  scientific  attention.  This  has  been 
shown  by  the  implementation  of  secondary  electron  microscopy  with  polarization  analysis 
(SEMPA)  [1]  and  of  spin-polarized  electron  emission  spectroscopy  (SPEES)  [2].  Electron- 
and  ion-induced  SEE  provides  a  high  electron  yield  which  is  needed  for  efficient,  high- 
resolution  topographic  and  spectroscopic  imaging  of  surfaces.  Besides  this,  there  are  two  addition 
features  that  show  the  great  scientific  and  technological  potential  of  the  use  of  SEE  for  the 
topographic  and  magnetic  imaging  of  surfaces.  Firstly ,  the  ESP  of  low-energy  electrons  (<  lOeV) 
emitted  from  ferromagnetic  surfaces  materials  is  enhanced  by  a  factor  of  two  or  three  as  compared 
to  the  average  magnetization  of  the  material  (valence  band  polarization)  [3].  This,  when  utilized 
for  magnetic  imaging,  will  enhance  the  image  contrast  by  a  factor  of  four  to  six.  Secondly,  the 
inelastic  mean  free  path  of  these  low-energy  electrons  in  3d  transition  metals  is,  as  recently  found 
[4],  only  of  the  order  of  one  or  two  monolayers,  which  is  much  shorter  than  the  values  published 
(3  nm  -  5  nm)  in  the  past  decades.  It  is  especially  this  characteristic  that  makes  the  use  of  SEE 
very  attractive  for  high-resolution,  topographic  and  magnetic  imaging  of  bulk  and  ultra- 
thin  film  materials. 

With  growing  interest  in  magnetism  in  thin  film  and  multilayer-structured  systems,  especially 
with  respect  to  their  potential  technological  applications,  a  deeper  and  more  fundament^ 
understanding  of  the  influence  of  the  geometrical  and  chemical  micro-structure  on  surface  and 
interface  magnetic  properties  becomes  an  area  of  revived  scientific  research. 

In  this  paper,  we  report  on  a  novel,  high-resolution  magnetic  imaging  technique,  scanning- 
ion  microscopy  with  polarization  analysis  (SIMPA).  In  SIMPA,  a  micro-focussed  ion  beam  is 
used  to  excite  elections  at  the  surface  and  in  deeper-lying  layers  of  a  magnetic  material.  As  shown 
in  several  recent  publications,  these  ion-induced  electrons  are  spin-polarized  [2,  S,  6].  An 
enhancement  of  the  ESP  of  the  emitted  low-energy  electrons  is  found  similar  to  that  detected  in 
electron-induced  SEE  from  magnetic  materials.  In  addition,  it  is  found  that  the  surface  sensitivity 
can  be  varied  either  by  modifying  the  ion  beam  energy  [5]  or  the  incidence  angle  of  the  ions  [6,7], 
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thus  offering  a  promising  way  to  study  layer-dependent,  microstnictural  magnetic  properties  at 
surfaces  of  bulk  and  thin  film  materials. 

Our  motivation  for  the  work,  presented  here,  was  to  develop  a  new  element-specific  and 
spin-sensitive,  magnetic  and  nonmagnetic  imaging  technique  which  allows  us  to  vary  the  probing 
depth  from  the  topmost  surface  to  deeper  layers.  In  addition,  by  varying  the  intensity  of  the 
incident  ions,  SIMPA  offers  the  capability  to  use  the  technique  not  only  for  imaging  but  also  for 
depth-profiling  and  for  the  etching  of  3D  patterns.  To  this,  we  note  that  the  technique  of  secondary 
ion  mass  spectroscopy  (SIMS)  is  already  widely  recognized  as  a  reliable  technique  for  chemical 
depth  profiling  [8]. 

By  measuring  the  ESP  of  emitted  Auger  electrons.  SIMPA  offers  an  additional  attractive 
feature  which  allows  the  element-specific  imaging  of  surface  magnetic  properties.  We  note  thai 
as  regards  this  feature,  technical  constraints  as  regards  a  timely  compilation  of  the  data  have  >  e; 
to  be  overcome.  At  present,  a  combination  of  SIMPA  and  SIMS  seems  to  be  more  advantagcuuN 
than  to  use  solely  SIMPA  for  scanning  Auger  electron  imaging  in  order  to  be  able  to  understand 
the  effects  of  chemical  composition  on  micro-structural  magnetic  properties. 

We  note  that  there  is  evidence  that  ion  beam  sputtering  docs  not  alter  magnetic  properties 
during  depth  profiling.  Kirschner  et.  al.  (9]  recently  measured  the  ESP  of  secondary  electrons 
emitted  from  an  oxidized  Fe  crystal  as  function  of  oxide  film  thickness.  From  the  results  of  their 
experiments,  they  conclude  that  ion  beam  sputtering  does  not  modify  the  magnetic  properties  of 
the  Fe  crystal. 


EXPERIMENTAL 


For  our  studies  on  topographical  and  magnetic  surface  imaging,  we  used  an  ion  gun  system 
with  a  Ga*  liquid  metal  (LM)  ion  source  which  is  installed  in  an  ultrahigh  vacuum  system  with 
ba.sc  pressure  of  5  X  Id"  mbar.  This  system  is  utilized  to  provide  a  micro-focussed  (minimum 
beam  spot  size:  50  nm)  Ga*  ion  beam  for  the  studies  presented  here.  The  beam  energy  can  be 
varied  from  7  to  30  keV.  The  entire  experimental  set-up  (2  interconnected  UHV  systems)  is 
suspended  by  six  air  springs  to  isolate  floor  vibrations  during  imaging  at  high  resolution.  The  two 
interconnected  UHV  systems  are  used  for  sample  preparation,  thin  film  growth,  sample 
characterization  (RHEED,  AES,  etc.)  and  for  imaging  studies.  A  48-inch  long  mechanically  and 
magnetically  coupled  linear/rotary  feedthrough  is  used  for  in  situ  sample  Uansfer  between  the  two 
UHV  chambers.  This  manipulator  is  part  of  a  fast  entry-air  lock  system  which  enables  us  to  load 
samples  from  ambient  pressures  first  into  a  pressure  stage,  working  at  10  ’  mbar,  and  then  into  the 
UHV  system. 

The  SIMPA  setup,  together  with  a  CMA  Auger  spectrometer  and  a  scanning  tunneling 
microscope  is  housed  in  the  characterization  chamber  as  shown  in  Fig.  1.  The  samples  are 
mounted  on  a  manipulator  which  is  located  at  the  center  of  the  characterization  chamber.  For  the 
surface  imaging,  we  use  Ga*  ions  incident  at  an  angle  of  45°  towards  the  surface  to  be  imaged.  The 
ion-induced  electrons  emitted  from  the  sample  surface  are  collected  using  an  extracting  lens 
system  which  is  connected  to  a  Mott  polarimeter  operating  at  20  keV.  At  present,  we  arc 
analyzing  the  two  in-plane  components  of  the  ESP  of  the  collected  electrons.  For  fast  adjustment 
of  imaging  parameters  and  precise  location  of  surface  areas  to  be  imaged,  we  use  a  conventional 
electron  detector  and  collect  secondary  electrons  which  allows  for  the  display  of  images  on  a  TV 
monitor  at  TV  rates. 

Using  a  Mott  polarimeter,  the  ESP  of  electrons  is  determined  by  measuring  the  asymmetry 
in  the  12(lP-scattering  of  spin-up  and  spin-down  electrons  from  a  high-Z  material  which  is  due  to 
spin-orbit  interaction.  Without  including  instrumental  asymmetry,  the  component  P  of  the  ESP 
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Fig.  1.  Schematic  of  SIMPA  set-up. 


along  the  direction  normal  to  the  scattering  plane  is  determined  by 


S*P  =  (1  -  A)/(l-rA), 


(1) 


where  S  is  the  Sherman  function  (=0.1)  and  A  =  N,/  Nu  is  the  scattering  asymmetry  with  N,  and 
Nl  being  the  count  rates  of  electrons  detected  in  the  channeltrons  R  and  L,  respectively. 

The  relative  inefficiency  of  electron  backscattering  requires  a  longer  acquisition  time  for  a 
magnetic  image  than  for  a  topographic  image.  Therefore,  our  electron  extracting  lens  system  for 
the  Mott  polarimeter  is  designed  to  take  advantage  of  the  high  ESP  and  high  intensity  of  low- 
energy  electrons  in  SEE  from  magnetic  materials.  Our  lens  design  possesses  an  acceptance  angle 
of  1 80“  for  electrons  with  energy  below  6  eV  and  of  140“  for  electrons  with  energy  abovelO  eV. 
These  values  are  determined  using  a  computer  (SIMION)  program  for  calculation  of  trajectories 
of  charged  particles.  We  note  that  the  influence  of  strong  electric  fields,  applied  at  the  entrance  of 
the  exo'acting  lens  system,  has  a  negligible  effect  on  the  trajectories  of  the  ions  used  for  scanning 
the  surface.  For  spectroscopic  measurements,  four  retarding  grids  are  incorporated  into  the  lens 
system.  The  presence  of  these  grids,  however,  reduces  the  transmisivity  of  the  lens  system  to  64%. 
Details  and  performance  of  the  electron  polarimeter  will  be  given  elsewhere. 


f 

An  L-shaped,  single  cryslaliine  Fe  whisker  is  used  as  sample  for  our  first  SIMPA  imaging 
measurements.  The  sample  surface  is  cleaned  in  situ  by  Ar*  sputtering,  and  the  surface  cleanness 
is  checked  using  CMA  AES.  Residual  carbon  and  oxygen  concentrations  are  less  than  2%. 


RESULTS  AND  DISCUSSION 


Figure  2  shows  an  intensity  spectrum  of  electrons  emitted  from  a  polycrystalline  Fe  surface 
as  a  function  of  applied  retarding  voltage  ( 0  -30  V).  From  the  results  of  this  experiment,  where  we 
used  a  12  keV  Ga*  ion  beam,  it  is  obvious  that  cascading  electrons  with  energies  below  6  eV  have 
a  major  contribution  to  the  total  electron  yield  being  used  as  signal  for  magnetic  imaging.  From 
this,  we  estimate  collection  efficiency  of  our  extracting  lens  system  to  be  at  around  60%. 

The  inset  in  Fig.  2  shows  the  electron  yield,  y,  as  a  function  of  ion  energy  E,.  y  increa.scs  from 
0.5  at  E,  =  9  keV  to  1.3  at  E,  =  25  keV. 

For  fast  ESPmeasuremenLs,  high  electron  intensities  are  required  because  of  the  low  efficiency 
of  the  Mott  polarimeter.  The  statistical  error  in  the  ESP  is  determined  by 


AP  =  (1/FN)''=,  (2) 


RETARDING  VOLTAGE  (eV) 


Fig.  2.  Ion-induced  electron  emission  spectrum  of  an  Fe  surface  as  a  function  of  retarding  voltage 
with  incident  beam  energy  of  12  keV.  The  inset  shows  the  electron  yield  as  a  function  of  the  energy 
of  incident  ions. 
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where  F  is  ihe  ligurc  of  merit  of  the  spin  polarimeter  («  lO*)  and  N  is  the  number  of  eletlrons  to 
be  analyzed.  To  achieve  a  statistical  error  smaller  than  5%.  N  needs  to  be  =10’,  In  our  present,  we 
use  an  ion  beam  current  of  less  than  1  oA  for  the  magnetic  imaging  and  record  one  image  (256  x 
256  pixels)  in  about  100s. 

The  upper  section  of  Mgure  3  shows  a  magnetic  (a)  and  a  topographic  (b)  image  of  a  selected 
area  (500  |im  x  500  urn)  of  the  surface  of  the  L-shaped  Fe  whisker.  The  two  images  are  obtained 
simultaneou.ily.  The  incident  beam  energy  and  the  beam  current  are  15  keV  and  0.5  nA. 
respectively.  The  magnetic  image  clearly  shows  two  large  magnetic  domains.  It  appears  that  two 
small  topographic  defects  (small  black  spots)  displayed  in  Fig.  3  (b)  pins  the  domain  walls  recorded 
in  the  magnetic  image  which  is  shown  in  Fig.  3(a).  The  lower  sections  of  Fig.  3(a)  and  3(b)  display 
two  line  profiles  of  the  magnetic  signal  and  of  the  total  electron  intensity  along  the  traces  marked 
in  the  upper  section  of  Fig.  3.  From  this,  it  is  obvious  that  the  topographic  line  scan  displays  a 


Fig.  3.  Simultaneously-acquired  SIMPA  images  of  (a)  magnetic  and  (b)  topographic  structure  of 
an  L-shaped  single  crystal  Fe  whisker.  The  image  size  is  500  X  500  |jm’.  The  bottom  section  shows 
the  line  profiles  of  magnetic  and  intensity  signals  along  the  traces  marked  in  the  upper  section, 
respectively. 
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smooth  surface,  and  that  the  magnetic  tine  scan  displays  ESP  values  which  are  abruptly  changing 
from  -30%  to  +30%  as  expected  when  the  ion  beam  scans  across  a  magnetic  domain  wall.  This 
directly  show  the  power  and  applicability  of  SIMPA  for  magnetic  domain  imaging. 


CONCLUSION 


We  have  presented  first  domain  images  of  the  surface  of  a  single  crystal  Fe  whisker  using 
a  new  technique  for  domain  imaging.  SIMPA  is  a  new  novel  and  very  promising  technique  which 
offers  many  potential  applications  suca  as  the  use  of  a  variable  probing  depth,  magnetic  depth 
profiling,  element-specific  chemical  and  magnetic  imaging,  and  etching  of  magnetic  3D  patterns. 
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ABSTRACT 

We  inveatiga^  structural  and  magnetic  properties  ot  Ft/Zi  multilayer  films  using  high- 
resolution  transmission  electron  microscopy.  X-ray  diffraction  and  vibrating  sample 
magnetomett^.  For  films  with  wavelength  (A)  2  80A,  the  intoface  region  between  the  Fe  and 
Zr  layers  exhitnis  a  1S-20A  thick  amorphous  structure.  The  magnedzation  curves  of  these  films 
showed  a  monotonous  decrease  in  the  saturation  magnetizations  with  A,  whose  trend  is  well 
explained  by  a  sii^le  asynqitotic  model  that  assumes  the  interface  amorphous  layer  to  be  non¬ 
ferromagnetic.  Films  with  a£40A  exhibit  a  coaqxKitionaliy-nnodulatea  amorphous  structure. 
The  latter  films  are  paramagnetic  except  tot  the  one  with  As40A,  which  showed  a 
superparamagnetic  behavior. 


INTRODUCTION 

Understanding  the  effect  of  inteimixed  amorphous  layers  between  a  ferromagnetic  and  a 
non-ferromagnetic  metal  la^er  on  the  overall  magnetic  properties  of  thin  film  systems  is  of 
technologicaf  and  scientific  importance.  Such  layers  between  two  elemental  metal  layers  are 
frequently  observed  in  as-deposited  multilayer  films  in  which  a  solid-state  amorphization 
reaction  can  occur.  One  exalte  is  an  Fe/Zr  muldhiyer,  a  system  for  which  an  amorphous  alloy 
phase  is  repotted  to  develop  if  it  is  annealed  3S(PC.(1]  Several  Mbssbauer  snidies  done  on  as- 
dqwsited  Fe/Zr  multilayer  films  have  shown  diat  the  multilayer  films  change  from  ferromagnetic 
10  paraptgnetic  below  a  certain  value  of  the  modulation  len^  of  the  layer^  film,  indicating  that 
intermixed  non-ferromagiKtic  layers  become  dominant  as  A  decreases.  Williamson  and 
Oemens.  for  example,  reported  fiiat  Fe/Zr  multilayer  films  become  paramagnetic  when  each 
layer  is  about  ten  monolayets  thick.[2]  From  this  observation,  they  deduced  the  thickness  of 
the  intettttixed  layer.  Kiauka  et  al.  reported  that  Fe/&  multilayer  films,  deposiusd  at  120K, 
showed  only  a  weak  non-maoietic  spectral  cmitribution,  which  corresponds  to  one  to  two 
intermixed  atomic  layers  at  the  Fe/Zr  interface.[3] 

On  the  other  hand,  only  a  few  direct  observations  of  the  interface  layers  exist  for  Fe- 
based  multilayer  systems.  Boorret  and  Rouviire  used  high-resolutk>ji  transmission  electron 
microscopy  (TEM)  to  probe  the  interface  of  a  Fe/Ti  multilayer  film  and  found  that  it  exhiUts  an 
amorphous  sttucture.[4]  Krebs  et  aL  made  TEM  observations  on  aimealed  Fe/Zr  multilayers  in 
the  study  ot  the  phase  separation  {nocess  in  amorptous  Fe-Zr.[5]  The  purpose  of  the  present 
stud^jT  is  to  provide  a  direct  correluion  between  the  interface  structure  of  the  as-deposited  Fe^ 
multilayer  observed  by  TEM  and  its  magrietic  properties  as  a  function  of  A.  Our  results  siww 
diat  the  decrease  in  saturation  magnetization  for  films  with  a  small  modulation  length,  a,  can 
well  be  explained  by  the  presence  of  amorphous  interface  layers.  In  addition,  the  susc^tibility 
of  the  a»40a  sample  indicates  that  the  intermixed  amorphous  layer  is  superpanmugnetic  for  that 
modulation  length. 


EXPERIMENTAL  PROCEDURE 

We  prepared  a  series  of  Fe/Zr  multilaya'  films  by  DC  magnetron  sputtering  on  Si(lOO)  and 
glaM  substrates.  We  placed  the  substrates  on  a  rootting  uibte  in  a  chamber,  an  arrangement 
which  has  been  described  previously  [6].  The  purity  cn  the  uuget  materials  was  99.99%  for 
both  Fe  and  Zr.  The  base  pressure  of  ^  chamber  was  less  than  3x10^^  torr,  and  the  sputtering 
was  done  in  a  Ti-gettem  3mtorT  Ar  atmosphere.  We  cleaned  the  Si  wafers  using 
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Fig.  1  Cross-section  TEM  micrographs  of  as-deposited  Pe/Zr  multilayer  films. 

(a)  A=  80A.  (b)  40A.  (c)  A=  16A.  and  (d)  A=  4A. 

NH4OH+H2O2  and  HCI+H2O2  solutions,  but  we  left  a  thin  Si  oxide  layer  (-lOA)  on  the  Si 
wafers  in  older  to  avoid  a  possible  reaction  between  the  Si  substrate  and  the  film.  The  power  of 
the  guns  and  the  table  rotation  speed  were  adjusted  to  obtain  the  desired  modulation  length  and 
composition.  The  thickness  ratio  of  the  Fe  to  the  Zr  layer,  dpe/dzr,  was  held  constant 
(d[^dzi=0.7)  so  that  the  composition  of  Fe  and  Zr  was  about  equal.  The  modulation  length,  A 
(A^P^-Kizr).  was  varied  from  6  to  8OOA. 

The  stnictunl  analysis  consisted  of  X-ray  dinracdon  (XRD)  and  transmission  electron 
microscopy  (TEM).  We  used  a  Philips  diffractometer  in  the  Bragg-Bratano  geomet^  for  the 
XRD  study.  The  modulation  length,  A,  was  determined  from  the  XRD  low-angle  diffiaction 
pattern  with  the  method  proposed  by  Miceli  et  al.(7I  For  the  TEM  study,  we  used  a  Philips 
430ST  microscope  operating  at  300kV  (tesolution  1.9 A).  The  TEM  cross-section  samples  of 
as-deposited  films  were  made  by  the  standard  procedure  [8].  We  ion-milled  the  samples  at 
SkVxO.SraA  using  a  liquid  nitrogen  stage  in  order  to  avoid  any  reaction  during  the  sample 
preparadon.  The  magnedzation  of  the  samples  was  measured  with  a  vibrating  sample 
magnetometer  (VSM)  in  a  magnedc  field  up  to  ISkOe.  The  background  of  the  magnedzadon 
was  determined  with  a  plain  Si  wafer.  The  magnedzadon  curves  are  shown  after  background 
subtraction. 


RESULTS  AND  DISCUSSION 

Fig.l  (a)  shows  the  high-resolution  cross-section  TEM  images  of  the  as-deposited  Fe/Zr 
multilayer  film  with  a=80A.  Tlie  thinner,  darker  layer  is  the  crystalline  Fe  (c-Fe)  layer  while 
the  thicker,  brighter  layer  is  the  ciystaUine  Zr  (c-Zr)  layer.  Also  clearly  shown  in  this  picture  is 
the  interface  amorphous  region  between  the  c-Fe  and  c-Zr  layers.  The  thickness  of  this  region 
varies  but  on  the  average  it  is  1S-20A.  The  inset  normal  diffraction  pattern  (right)  shows  three 
partial  rings  in  the  substratc-noitnal  diiection,  indicating  a  strong  texture  ttf  the  crystalline  phases 
in  the  film.  The  spacings  of  these  p^al  rings  are  2.77, 2.56.  and  2.04  A,  respectively.  These 
values  can  be  compand  with  2.798A  for  (l(M))hes-Zr.  2.574A  for  ((K)»2)hex-&  and  2.552A  for 
(i  10)bcc-Zr<  and  2.027A  for  ( 1 10)bGc-Fe<  respectively.  Note  that  parts  of  the  innermost  ring  are 
dso  shown  60°  from  the  substrate-normal  Erection,  supporting  the  suggestion  that  this  ring  is 
(10*0)|iex-Zr-  The  outermost  ring,  whose  reciprocal  spacing  corresponds  well  to  that  of  Fe 
(1 10),  shows  arcs  60°  and  90°  from  the  substrate-ncHTnal,  as  is  expected;  the  angles  between 
pairs  of  { 1 10)  type  planes  are  60  and  90°.  An  interesting  observation  is  that  the  second  inner 
ring  also  shows  a  non-negligible  intensity  at  60°  and  9^  from  the  substrate  normal.  This 
indicates  that  this  ring  is  composed  of  (00«2)hex-Zr  and  (1 10)bGc-Zr>  suggesting  that  a  relatively 
large  amount  of  die  (1 10)  textured  bcc-&  phase  is  present 

Rg.  1  (b)  shows  the  cross-section  image  of  the  film  with  Aa40A.  The  alternating  light  and 
dark  layers  of  this  picture  indicate  that  this  film  is  compositionally  modulated.  The  inset  low- 
angle  (ufiraction  pattern  clearly  shows  spots  arising  from  the  modulated  structure.  The  normal 
diffraction  pattern  shows  a  weak  (I00)hex-Zr  ting  as  well  as  a  halo,  indicating  that  this  film 
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contUn  of  disordered  small  grains  and 
BmoiThottt.  Rg.l  (c)  sho««  the  aourteaxn 
image  of  die  film  with  A>>16^  The  alternating 
light  and  dsk  layers  are  seen  in  this  picture  as 
well,  indicating  that  this  film  is  still 
compositioiially  modulated.  The  inset  low- 
angle  diffraction  pattern  also  shows  sp«s 
arinng  from  the  modulated  structure,  while  dre 
nomttl  diffiaction  pattern  shows  that  the  film  is 
completely  amorphous.  Fig.1  (d)  shows  tte 
cross-sect^  image  of  the  fUm  with  A-4A. 
This  iHcture  shows  that  the  modulatimi  hu 
completely  disappeared  and  that  the  film  is 
amorphous.  Also  shown  in  the  picture  is  the 
white  native  oxide  iayer  between  the  film  and 
the  Si  (100)  substrate. 

Fig.2  shows  a  set  of  low-angle  (on  the 
left)  and  high-angle  (on  the  right)  X-r^ 
diffraction  (XRD)  patterns.  Sharp  Fe  (110) 
and  Zr  (lOO^x  peaks  in  the  high  angle 
pattem  few  the  samples  with  A280A  show  th^ 
Fe  and  Zr  are  crystalline,  while  peaks  in  the 
low-angle  XRO  show  m^ulated  structures. 
The  disappearance  of  sharp  Fe  (1 10)  and  Zr 
(002)  petdes  and  the  emergence  of  a  broad  peak 
in  the  high-angle  XRD  pattem  for  samples  with 
A^ldA  indicates  that  the  films  have  amorphous 
structure,  while  peaks  in  the  low  angle  XRD 
show  that  the  films  are  still  compositionally 
modulated. 


a-Th*te  (dagrts) 

Fig.2  X-ray  diffiaction  of  Fe/Zr  multilayer 
films. 


magnetic  field  (kOe) 

of  the  multilayer  films;  (a)  in-jrfane  and  out-rf-plane  (xlO)  magnetization 
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Hg.3  (a)  shows  a  magneiizatioa  curve  obuined  for  the  nini  with  a=80A,  with  the 
magnetic  field  parallel  and  perpendicular  to  the  sample  plane  at  room  temperature.  These 
magnetization  curves  show  strong  anisotropy,  that  is,  die  easy-magnetization  axis  lies  in  the 
plane,  as  expected  from  the  strong  (110)  texture  of  c-Fe  grains.  We  observed  similar 
anisotropy  for  the  films  with  a28QA.  The  in-plane  magnetizatioo  curves  of  these  films  are 
compared  in  Fig.3  (b). 

As  shown  in  Ae  figure,  the  saturation  magnetization  (Ms)  decreases  as  A  decreases. 
Assuming  that  the  intermixed  amorphous  layer  is  non-ferromagnetic,  we  can  express  the  fraction 
of  fmomagnetic  Fe  atoms  appnMumaiely  as  follows: 

^/«TO  =  f^iotal-^dead 


“  Afaaa/  (1  “ 


(1) 


where  Nferrp^  N total  and  N^ead  the  number  of  ferromagnetically-active,  total,  and  non¬ 
ferromagnetic  Fe  atoms,  respectively,  while  dticad  is  the  thickness  of  the  intermixed  non-magnetic 
layer.  The  factor,  2,  in  the  second  term  in  Eq.  (1)  arises  from  the  fact  that  each  Fe  layer  is  in 
contact  with  two  intemixed  layers,  which  we  assume  to  be  non-fetromagnetic.  Eq.  (1)  is  only 
a  rough  estimation  since  we  neglected  the  variation  of  the  Fe  concentration  in  the  intermixed 
layers.  Fig.4  shows  the  saturation  magnetization  as  a  function  of  modulation  length  for  the 
films  with  A=920,  180,  and  80A.  We  fitted  these  points  using  Eq.  (I).  The  best  fit  was 
obtained  by  assuming  **  23.6A.  This  value  can  be  compared  with  1 S-20A,  the  thickness 
of  the  interface  amorphous  layer  observed  in  high-resolution  TEM.  Taking  into  account  the 
crudeness  of  the  derivation,  the  agreement  between  these  values  is  reasonably  good. 


For  the  films  with  a^40A,  the  magnetization  decreases  drastically.  Fig.S  shows  a  series 
of  ma^tization  curves  for  these  films.  For  the  sake  of  clarity,  the  scale  of  the  y-axis  in  the 
figure  is  expanded  by  a  factor  of  twenty.  The  in-plane  and  the  perpendicular  curves  for  these 
siemens  almost  coincide,  showing  the  loss  of  anisotn^y,  althcrngh  a  very  weak  anisotropy  is 
still  observed  for  the  film  with  aMOA.  Note  the  relatively  large  slope  of  ^  curve  for  the  film 
with  A=40A.  The  atomic  susceptibility  of  this  film  is  about  0.04  (cm  Vmol-Fe).  which  may  be 
compared  with  1.5x10*3,  the  susceptibility  of  paramagnetic  g-Fe.  This  high  value  indicates  that 
this  film  is  superpaiamagnetic. 

Bushow  and  Smit  repotted  that  the  Curie  temperature  of  amorphous  FcxZri-x  alloys  with 
x^.8  is  below  room  tempOTture.  They  also  repoitKl  that  the  magn^  moment  of  the  Fe  atom 
decreases  considerably  as  the  Zr  content  increases  and  that  it  disappears  at  x>0.6.[9]  A 
decrease  in  the  Curie  temperature  was  also  reported  Hiroyoshi  and  Fukamichi  in  a  study  of 
fenoma^etic-to-spin  glass  transilion.[10]  We  speculate  that  at  a  certain  composition  or 
modulation  length,  the  Fe  atoms  form  a  magnetic  cluster,  resulting  in  the  superpaiamagnetic 
character. 
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■  10  0  10  -10  0  10 
maenelicMd  (icOe)  maonefc  fieU  (kOe) 

Fig.  S  Magnetization  Curves  for  Fe^  multilayer  films  with  a^40A 


CONCLUSION 

We  made  Fe/Zr  multilayer  films  by  sputtering  and  observed  the  following.  For  films  with 
A280A,  the  interface  region  between  the  F^  ana  Zr  laym  exhibits  a  1S'20A  thick  amoiphous 
structure.  The  magnetization  curves  of  these  filrm  show  a  monotonous  decrease  in  the 
saturation  magnetizations,  whose  trend  is  well  explained  by  a  simple  asymptotic  model  that 
assumes  the  interface  amorphous  layer  to  be  non-ferromagnetic.  Films  with  A£40A  exhibit  a 
compositionally-modulated  amorphous  structure.  The  latter  films  are  paramagnetic  except  for 
the  one  with  A=4QA,  which  showed  a  probaUe  superparamagnetic  behavior. 
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ABSTRACT 

We  have  studied  the  influence  of  ultra-thin  interfacial  Fe  layen  on  the  structural  and 
magnetoresistance  properties  of  Co/Cu  multilayers.  Our  results  show  that  the  giant 
magpetoresistanoe  arises  fiom  spin  dependent  scataaing  at  the  Co/Cu  interfaces  and  in  the  bulk 
at  Co,  the  interfacial  contribution  being  predominant  We  also  demonstrate  that  the  close- 
packed  crystallognphic  structure  of  Co  arid  Cu  is  very  sensitive  to  the  inseition  of  interfacial 
bcc  Fe  layers :  for  small  thicknesses,  Co  as  well  as  Cu  adopt  a  metastaUe  bcc  structure. 


INTRODUCTION 

The  giant  magnetoresistance  (MR),  fust  discovered  in  epitaxial  Fb/0((X)1)  superiattices 
[1,2]  has  now  been  observed  in  a  large  variety  of  fenomagjteticAion-ituignetic  mdtilayered 
structures  and  v^  large  MR  have  been  recently  reporfed  for  qnineted  Co/Cu  multilayers  [3.4]. 
Planar  doping,  te.  introducing  thin  interfacial  layers  of  additional  elements,  is  a  powei^ 
method  to  expmimentally  investigate  the  microscopic  mechanisms  of  spin  dependent  scattering 
and  the  respective  roles  of  interfa^  versus  bulk  scattering .  In  this  paper,  we  repost  on  the  MR 
of  Co/Cu  multilayers  in  which  thin  Fe  layers  are  introduced  at  the  interfiKxs.  A  structural  study, 
based  on  X-ray  diffraction  (XRD),  Transmission  Electron  Microscopy  (TEM)  and  X-ray 
Absoiption  Spectroscopy  (XAS),  has  also  been  performed. 


EXreRIMENTAL  DETAILS 

The  multilayers  were  prepared  by  rf  diode  sputtering  in  a  Nordiko  NS  2000  high-vacuum 
automated  ^tter  deposition  system  with  a  base  pressure  in  the  10'^  Torr  range.  CSiemically 
etched  Si(lOO)  wafers  were  u^  as  substrates  and  eithCT  Fe  or  Cr  buffer  layers  (40A  thick) 
were  first  grown  on  the  Si  substrates.  The  films  were  dien  deposited  at  room  temperature  in  an 
Ar  pressure  of  3  mTorr  at  typical  deposition  rates  of  0.2-1  A/s.  XRD  measurements  were 
performed  in  the  9-26  geometry  on  a  two-axis  spectrometer  using  CuKo  radiation 
monochromated  after  the  sample  with  the  (002)  reflection  of  pyrolitic  graphite.  TEM 
observations  were  made  using  a  Topcon  ABT  (X12B  microsct^  operated  at  2()0  kV.  PlaiM 
views  and  cross  sections  were  piepa^  by  polishing  and  dimpling  followed  by  argon  milling. 
The  XAS  experiments  were  pmormed  at  the  Laboratoire  pew  ITJtilisation  du  Rayonnement 
Electromagiititique  (LURE)  on  the  DW21  synchrotion  line  using  a  Si(311)  double  crystal 
monochromator  installed  on  the  DCI  storage  ring.  The  variations  of  the  X-ray  absorption 
coefficient  of  some  selected  samples  were  measut^  above  the  K  edges  erf  Fe  (71 12  eV),  Co 
(7709  eV)  and  Cu  (8980  eV),  in  die  total  yield  mode.  MR  measurements  were  made  using  a 
low  firequoicy  ac  lock-in  tech^ue. 


RESULTS  AND  DISCUSSION:  STRUCTURE 

Typical  low  angle  XRD  spectra  observed  for  Co/Cu  multilayers  with  and  without  thin 
interfacial  Fe  layers  ate  shown  in  Fig.  1.  The  Co/Cu  spectrum  (a)  dimlays  two  well-defined 
superiattice  Bragg  peaks  and  Kiessig  ^ges,  which  ensures  that  the  multilr^er  stack  is  tegular. 


Mat  Rm.  Soc.  Symp.  Proc.  Vol.  313.  eiW3  Matwialt  RnMrch  SocMy 


738 


Figure  1  Low  angle  X-ray  spectra 
for  (Co15A/Cu20A)io  (a)  and 
(Col2A/Fe3A/Cu20A/Fe3A)io  (b) 


It  can  be  seen  from  spectrum  (b)  that  introducing  SA  dikk  interfacial  Fe  laym  seems  to  have 
little  effect  on  the  overall  quality  of  the  layering.  The  appearance  of  a  third  order  peak  is 
probably  due  to  tlw  higher  X-ray  contrast  between  Fe  and  C^.  High  angle  spectra  (not  shown) 
reveal  that  the  multilayers  have  a  weak  (1 1 1)  out-of-plane  texture.  This  is  in  contrast  with 
previous  work  on  higMy  (111)  textured  Co/Cu  multilayers  [3,4]  prepared  by  dc  magnetron 
sputtering  and  emphasizes  the  role  of  sputtering  parameters  on  the  texture  and  microstructure 
[51. 

TEM  observations  were  made  on  Co/Cu  multilayers  with  thin  interfacial  Fe  lavers.  Plane 
views  show  that  the  samples  are  polycristalline  with  grain  sizes  of  about  SOOA.  Electron 
diffracdons  reveal  that  the  bcc  and  fee  contributions  are  predominant.  The  balance  between  the 
bcc  and  fee  phases  appears  to  be  strongly  dependent  on  the  thickness  of  the  interfacial  Fe 
layers.  This  can  be  evaluated  with  a  compuison  between  the  intensities  of  the  (1  ll)fcc  and  the 
(1 10)bcc  contributions.  In  that  we  can  notice  that  the  intensi^  of  the  (1 1  l)fcc  contribution  is 
dramatically  lowered  relative  to  that  of  (1 10)bcc  when  the  interfacial  Fe  layers  thicknesses 
change  6om  3  to  4.5^  We  wj'i  come  back  to  thb  behaviour  later.  A  bright  fieU  image  in  cross 
section  of  a  (ColsA/Fe4.5AA^i20A/Fe4.sA)20  »  shown  in  Fig.  2.  It  has  been  obtained  in 
strongly  defocusing  the  microscope  leading  to  a  Fresnel  fringes  image  which  overcomes  the 
poor  contrast  expected  from  the  close  values  of  the  atomic  number  of  ^  elements.  In  that  case 
the  Fresnel  fringes  do  not  represent  the  multilayer  stacking  in  a  straightforward  manner  [6]. 
Nevertheless,  die  inspection  of  such  images  is  sufTicient  to  evaluate  the  layers  regularity  and  to 
measure  the  superlattice  period.  The  existence  of  the  multilayer  stacking  is  clearly  visible  and 
confirms  the  low  angle  results.  The  period  of  the  multilayer  as  measured  horn  the  Fresnel 
images  are  in  agreement  with  that  given  by  the  superiattice  peak  spacings  observed  in  small 
angle  election  diffraction.  The  detail  of  the  Ftesnel  images  can  be  assessed  comparison  with 
simulations  [6].  It  can  be  shown  that  the  Fresnel  contrast  is  mainly  due  to  the  scattering 
coefficients  of  Cu,  Co  and  Fe.  Thus,  because  Co  and  Fe  exhibit  very  close  scattering 
coefficients,  they  cannot  be  distinguished  easily  and  no  ready  conclusions  can  be  given 
concerning  the  continuity  and  regulwty  of  the  interfacial  Fe  layers.  Nevertheless  we  otaerve 
that  die  Fresnel  fringes  are  continuous,  a  fact  which  suggests  that  the  Cu  layers  are  continuous 
too. 

We  will  now  present  the  results  of  X-ray  absmption  near  edge  spectroscopy  (XANES)  and 
Extended  X-ray  absorption  fine  structure  (EXAFS)  which  are  element  specific  probes  of  the 
local  structure.  The  XANES  spectra  of  Co  for  two  Co1sAA^20A  multilayers  with  interfacial 
Fe  layen  of  different  thicknesses  (3A  and  4.SA)  are  reported  on  Fig.  3  toother  with  those  of 
bulk  hep  Co  and  bulk  bcc  Fe.  First  we  recall  that  bcc  and  close-packed  (hep  or  fee)  transition 
metals  display  characteristic  XANES  profiles  as  can  be  seen  for  Co  arid  Fe  in  Fig.  3.  A 
comparison  of  the  Co  XANES  profiles  of  the  samples  and  the  lefeiences  shows  that  one  (4.sA 
Fe)  is  clearly  of  the  bcc  type  while  the  other  (SA  Fe)  is  mote  typical  of  the  close-packed 
stacking  but  less  structured.  This  result  underlines  a  very  sharp  transition  from  hep/fee  Ck>  to  a 
metastable  bcc  Co  and  it  can  explain  the  variation  of  the  intensities  of  the  bcc(l  10)  and  fcc(l  11) 
rin^  seen  in  electron  diffraction.  Mote  information  is  obtaii^  from  the  ^CAFS  data  on  two 
series  of  samples,  namely  ColsA/Fe  tFe/Cu2oA  and  ColsA/Fe  tpe/CuTA  with  tpe  ranging 
from  3  to  6  A.  The  results  show  that  the  stabilization  of  metasuble  bcc  phases  depends  strongly 
on  the  respectives  thicknesses  of  Cu  and  Fe.  For  the  Cu  tA  series,  Co  but  also  Cu  are  bcc 
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whatever  the  thickiiess  of  Fe.  The  Fburier  transfonns  of  the  EXAFS  data  for  ColsA  and  CuTA 
are  shown  in  Hg.4  needier  with  thoae  of  bulk  Fe  and  bulk  Co.  In  par^lar,  the  intense  peak 
around  4.4SA,  a  typical  feature  of  the  bcc  strucnin.  is  observed  with  however  a  r^uced 
intensity  with  respect  to  bulk  Fe.  For  the  Cu  20A  series.  Co  and  Cu  are  fee  for  sA  thick 
interfM^  Fe  layers  wfaeieas  for  6A  of  Fe,  Co  becomes  bcc  and  Cu  stays  fee.  Quantitative 
analysis  of  the  ^AFS  data  using  a  standard  (socedure  gives  the  number  and  distances  rtf' 
nearest  and  next  nearest  neighbours  with  an  estimation  of  the  discmler  through  a  Debye- Waller 
factor.  We  found  for  ColSA,  8  first  neighbours  at  2.48A±O.OlA  and  6  serand  neighbours  at 
2.83A,  and  for  CuTA,  8  first  neighours  at  Z4710.0lA  and  6  second  neighbours  at  2.87A. 
These  values  are  in  go^  agreement  with  recent  reports  on  bcc  Co  in  Co/Fe  multilayers  [7]  aiKl 
bcc  Cu  in  Fe/Cii  multilayers  [8].  Howeva,  the  Debye- Waller  factors  derived  from  our  analysis 
are  large  indicating  a  departure  6om  perfect  bcc  structures. 


Figure  4.  Fourier  transforms 
of  EXAFS  data  for  Od  and  Cu 
in  the  multilayer 

(Col5A/Fe3A/Cu7A/Fe3A)20 

The  spectra  for  bulk  Co  and 
Fe  ate  also  shown.  The  data 
were  taken  with  the 
polarization  of  die  synchrotron 
beam  in  the  plane  of  the 
layers. 


RESULTS  AND  DISCUSSION:  MAGNETORESISTANCE 

We  present  now  the  MR  measurements  on  the  Co/FeA^u/Fe  multilayers.  In  light  of  the 
structu^  results  presented  above,  we  will  mainly  focus  on  the  results  obtained  for  the  Co/Fe 
3A/Cu  series  where  Co  and  Cu  are  fee.  First  we  note  that  despite  the  weak  texturing,  the  "pure" 
Co/Cu  multilayers  display  well  defined  MR  oscillations  with  first  and  second  pe^s  around  9 
and  20  A  as  previously  observed  for  Cc/Cu(l  1 1)  multilayers  [3,4].  However  the  exchange 
coupling  is  weaker  and  the  MR  smaller  by  about  a  factor  of  2.S  at  the  first  maxima.  The 
Co/Fe3A/Cu  series  displays  also  MR  oscillations  with  about  the  same  maxima  as  in  Co/Cu  but 
a  strongly  reduced  amplitude.  As  the  MR  is  much  smaller  in  Fe/Cu  than  in  Co/Cu  [9],  the 
interfaces  between  Fe  and  Cu  are  expected  to  present  much  smaller  spin  dependent  effe^  than 
those  between  and  Cu.  This  is  clearly  demonstrated  cm  Rg.  5  where  the  MR  of  the 
Col5A/Fe/Cu20A  series  is  plotted  versus  die  interfacial  Fe  thickness.  The  thickness  was 
set  to  20A  (secemd  MR  maxima)  to  avoid  artefacts  related  to  exchange  coupling.  Fig.  S  shows  a 
saep  decretue  of  the  MR  as  a  fiinctkm  of  Fe  and  at  3A  (thickness  for  which  Co  is  sSl  foe)  most 
of  the  cemtribution  fiom  the  Co/Cu  interface  has  been  suppressed.  The  very  efficient  spin 
dependent  scattering  of  Cc/Cu  interfaces  is  evident  from  these  results  in  agreement  with  recent 
reports  on  Co,  NiFe  and  Cu  based  multil^ers  [10]. 

Once  the  contribution  from  the  Co/Cu  interface  has  been  suppressed  the  residual  MR 
dc^nds  on  the  proportion  of  Co  and  Fe  in  the  magnetic  layers.  Increasing  the  Co  layers 
thicknesses,  at  fixed  tpe.  should  provide  information  about  a  possible  contribution  of  spin 
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Figure  5.  Variation  of  the  MR  ratio  in  ColSA/FeA^u20A/Fe  multilayers  as  a  function  of  the 
thickness  tfe  of  the  interfacial  Fe  layers.  Data  were  taken  at  4.2  K.  The  line  is  a  guide  for  the 
eye. 
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Figure  6.  Variations  of  the  MR  ratio  in  Co/Fe3A/Cu20A  (black  dots)  and  Co/Cu20A  (white 
dots)  multilayers  as  a  function  of  the  fenomagnetic  layers  thicknesses,  tM=tCo'''2tFe  sod 
tM=tCo  respectively.  Data  were  taken  at  4.2  K.  The  Co/Cu  20A  data  are  from  ref.(l  1].  Notice 
the  different  vertical  scales.  The  dashed  line  is  a  guide  for  the  eye. 


742 


d^ndent  scattering  in  the  Co  layers.  Fig.  6  dinlays  the  MR  variation  with  increasing  Co 
thudcness  for  the  C^e3AA^  2()A  series.  The  MR  increases  slightly  and  goes  through  a 
rounded  maximum  around  3QA  (or  the  total  thkkness  of  the  magnetic  layers,  braore  decreasing 
at  hi^icr  thickness-This  is  in  contrast  with  the  variatian  of  CoA!^  multilayers  without  Fe  (wlnte 
dots  in  Fi$.  6),  Oken  from  ref.  (1 1],  and  is  the  tyjncal  behaviour  expM^  for  systems  with 
bulk  spin  droendeat  scattering.  If  there  was  no  bulk  contribution,  one  would  expect  a 
continuous  decrease  of  the  MR  with  increasing  magnetic  thickness.  This  infers  that,  once  the 
strong  contribution  frem  the  CoA^  interfaces  hu  b^  siqipiesaed,  one  sees  the  non  negligiMe 
bulk  contribution  from  the  Co  layers.  We  emphasize  that  we  have  checked  by  EXAFS  that  the 
fee  structure  of  Co  and  remains  practically  unchan^  as  a  function  of  Co  thkkness  in  Fig. 
6,  showing  that  the  observed  MR  variation  can  not  be  due  to  structural  changes. 


CONCLUSIONS 

We  have  shown  by  EXAFS  and  TEM  experimenB  that  introducing  thin  Fe  layers  at  the 
interfaces  of  CoAXi  multilayers  can  change  the  strtKtute  and  stabilize  the  metasiable  bcc  phase 
of  Co  and  Cu.  Co  and  Cu  layers,  if  tiiev  are  not  too  thin,  remain  fee  when  the  thkkness  erf 
the  interfacial  Fe  layers  is  of  the  order  of  3A  or  less.  The  1^  measurements  on  samples  with 
3a  interfacial  Fe  layen  show  that  the  high  MR  of  CoA^u  is  due  to  a  ixedominant  contribution 
from  interface  spin  dependent  scattering  imi  to  a  smaller  but  non  negli^bk  bulk  coniiibution. 
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ABSTRACT 

The  resistance  and  magnetoiesistance  of  G<VW  multilayers  have  been  measured  at  tern,  statures 
between  300K  and  4K  and  in  fields  of  up  to  7  Tesla.  The  temperature  coefficcnt  of  resistance  is 
strongly  influenced  by  the  thickness  of  the  Gd  layers,  becoming  negative  at  a  Gd  layer 
thickness  of  O.Snm.  The  magnetoresistance  is  dt^ntued  by  the  Gd  below  about  lOOK. 
Multilayers  which  show  leduced  saturation  magnetisation  at  4K  also  have  an  unusual  form  of 
magnetoresistance  around  lOOK.  We  suggest  that  this  may  be  due  to  antiferromagnetic 
alignment  of  the  Gd  and  W  moments  at  low  applied  fields. 

INTRODUCTION 

GadoliniumAungsten  (Gd/W)  multilayers  have  been  shown  to  have  very  unusual  magnetic 
properties  at  low  temperature  (4  Kelvin).  As  reported  previously  [1,2),  we  have  observed  an 
enhancement  of  the  saniration  magnetisation  of  the  multilayers,  i.e.  the  saturation  magnetisation 
may  be  greater  than  that  expected  for  the  gadolinium  layers  alone.  The  effect  is  largest  at  small 
Gd  layer  thicknesses  and  shows  an  interesting  oscillate^  dependence  on  W  layer  thickness,  so 
that  at  some  W  thicknesses  the  magnetisation  is  ^ater,  and  at  other  thicknesses  less,  than  the 
expect^  value  for  the  Gd  layers.  In  specimens  with  the  thinnest  Gd  layers  the  measured 
saturation  moment  is  too  large  to  be  accounted  for  by  the  gadolinium,  so  we  conclude  that  a 
moment  has  been  induced  in  the  ningsten  layers.  This  effect  has  never  been  predicted 
theoretically  or  observed  experimen^ly  before.  To  investigate  the  behaviour  further  we  have 
measured  the  low  tetiqterature  resistance  and  magnetoresistance  of  Gd/W  multilayers  and  have 
found  that  these  also  show  interesting  and  unusual  feamres.  Here  we  present  our  results  for  a 
selection  of  multilayers  with  a  range  of  Gd  and  W  thicknesses. 

EXPERIMENTAL 

Gd/W  multilayers  were  prepared  by  DC  magnetron  spunering  onto  glass  substrates  in  a  UHV 
sputtering  system  with  base  pressure  below  2.10-'®  ton.  All  specimens  were  deposited  at 
ambient  temperature,  in  an  atmosphere  of 99.99%  pure  argon  at  a  pressure  of  4.2  10-^  torr. 
Each  multilayer  consisted  of  SO  bilayers.  FI'  .a  of  the  pure  metals  200tim  thick  were  prepared 
under  the  same  conditions,  and  alloy  films  of  Gd  and  W  were  also  prepared  by  guttering  from 
both  targets  simultaneously.  Multilayers  have  been  produced  with  bilayer  thicknesses.  A, 
between  2.4nmand  13.5nmand  with  individual  layer  thicknesses  between  0.6  and  lO.^m. 
Two  series  of  Gd/W  multilayer  specimens  have  been  prepared,  one  in  which  all  the  specimens 
had  approximately  the  same  W  layer  thickness  (about  1.7nm)  but  different  Gd  layer  thicknesses 
(between  0.8  and  6.4  nm),  and  another  in  which  the  specimens  all  had  approximately  the  same 
Gd  thickness  (about  4.3nm)  and  different  W  thicknesses  (between  0.6  and  3.0nm). 

The  multilayers  were  characterised  by  low  angle  X-ray  diffraction.  Several  orders  of  reflection 
fiom  the  pmodk  multilayer  structure  were  ooKrved  for  all  the  specimens.  A  was  determined 
by  measuring  the  angles  of  the  reflections  and  correcting  for  refraction  of  the  X-rays  in  the 
material  [3].  The  average  values  of  the  individual  layer  dikknesses  were  deermin^  by 
matching  the  relative  intensitites  of  the  reflections  to  computer-simulated  diffraction  patterns  of 
noodd  structures.  The  regularity  and  distinctness  of  die  multilayer  structure  were  coofirmed  for 
a  selection  of  Gd/W  specimens  by  high  resoluti  jn  electron  microscopy  (HREM)  on  cross- 
sections  through  the  multilayers.  Details  of  these  obsovations  have  been  published  elsewhere 
(4].  HREM  confinned  the  values  for  the  average  layer  thicknesses  determined  by  X-ray 
diffiaction  and  provided  infoimation  on  the  structure  of  the  materials  within  the  layers.  Even 
the  thinnest  layers  were  found  to  be  polycrystalline,  rather  than  anwrphous.  The  W  crystals  in 
each  layer  were  randomly  oriented  but  the  Gd  layen  showed  an  ((XX)1  ]  crystallographic 
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texture.  A  very  thin  (<0.3nin)  lone  of  interfacial  mixing  was  observed  between  the  layers. 
Hectron  microscopy  also  revealed  that  in  most  specimens  the  Gd  layers  contained  up  to  S%  by 
volume  of  the  face-centred  cubic  compound  gadolinium  hydride  (GdH2).  This  compound  is 
commonly  found  in  vacuum-deposited  thin  gadolinium  layers  [S].  Microanalysis  with  a 
windowless  X-ray  detector  also  showed  the  presence  of  hydrogen  and  a  small  concentration  of 
argon  in  the  Gd  layers,  but  no  other  contaminants  were  detect^.  HREM  showed  that  the  co¬ 
sputtered  alloy  films  of  gadolinium  and  tungsten  were  non-ciystalline. 

Resistance  measurements  were  carried  out  between  room  temperature  and  4.2K  using  a  four- 
terminal  direct  current  method  with  a  constant  current  of  1mA.  Resistance  values  were  recorded 
alternately  for  both  forwairl  and  reverse  currents  to  eliminate  thermal  emfs.  The  tonperature  of 
the  sample  was  monitored  with  a  calibrated  carbon-glass  thermometer.  Magnetoresistance 
measurements  were  made  in  a  field  of  up  to  7  Tesla,  using  a  specially  designed  sample  holder 
which  allows  the  specimen  to  be  rotated  so  that  the  resistance  could  be  measured  for  arbitrary 
angles  between  the  current  and  the  field.  In  one  set  of  experiments  the  field  was  a{^Iied  parallel 
and  perpendicular  to  the  current  but  in  the  plane  of  the  layers;  in  another  set  of  experiments  the 
field  was  also  applied  in  directions  peipendicular  to  the  plane  of  the  specimen. 

RESULTS 

1.  Resistance  in  zero  field 

The  resistance  of  the  multilayers,  single  films  of  W  and  Gd  and  of  co-sputtered  alloys  of  the 
two  elements  was  measured  as  a  function  of  temperature  in  zero  applied  magnetic  field.  The 
resistance  of  W  and  Gd  films  shows  normal  metallic  behaviour,  filing  as  the  temperature 
decreases  and  levelling  off  at  a  residual  value.  The  resistance  of  the  Gd/W  multilayers  depends 
strikingly  on  the  thiclmess  of  the  individual  Gd  layers,  as  illustrated  in  Figure  1.  Multilayers 
with  fairly  thick  Gd  and  W  layers  show  normal  metallic  behaviour  with  an  abrupt  decrease  in 
resistance  at  20K  (the  Neel  temperature  of  antiferromagnetic  GdH2  (6)).  The  high  temperature 
resistance  is  relatively  independent  of  temperature  as  expected  for  thin,  polycrystalline  metallic 
layers.  However,  specimens  with  thinner  Gd  layers  (<1.5nm)  show  a  minimum  in  resistance  at 
fairly  low  temperature,  followed  by  an  increase  in  resistance  on  further  cooling,  with  no  sign  of 
a  drop  in  resistance  at  20K.  The  temperature  at  which  the  resistance  minimum  occurs  is  higher 
the  thinner  the  Gd.  Both  the  alloy  films  and  the  multilayer  with  the  thinnest  Gd  (O.Snm)  show 
"non-metallic"  behaviour,  with  increasing  resistance  as  the  temperature  decreases. 

2.  Magnetoresistance 

The  magnetisation  curves  of  Gd/^^  multilayers  have  been  described  in  detail  elsewhere  [1,2]. 
Briefly,  the  multilayers  are  all  extremely  difficult  to  saturate,  with  saturation  fields  (in-plane) 
greater  than  7  Tesla.  The  in-plane  coercive  fields,  however,  are  moderate  (usually  between  0.1 
and  1  Tesla).  200nm  Gd  films  are  easier  to  saturate,  with  saturation  fields  of  the  order  of  5 
Tesla,  but  have  similar  coercivities.  The  magnetic  response  of  the  200nm  W  films  was  below 
the  detection  threshold  of  the  magnetometer. 

The  pure  W  film  showed  the  magnetoresistance  expected  of  tungsten,  with  a  very  small, 
parabolic,  positive  magnetoresistance  (resistance  increasing  in  increasing  field).  The  Gd  film 
also  show^  the  expected  larger,  negative  magnetoresistance  with  hysteresis  at  low  applied 
fields.  The  magnetoresistance  of  GdW  multilayers  appears  to  be  dominated  by  the  gadolinium 
layers.  At  4.2K  all  the  multilayers,  even  those  with  the  thinnest  Gd,  show  negative 
magnetoresistance  like  that  of  the  Gd  film.  When  the  field  is  applied  in  the  specimen  plane  two 
hysteretic  peaks  in  resistance  are  observed,  corresponding  to  the  positive  and  negative  coercive 
field,  whereas  if  the  field  is  applied  perpendicular  to  the  sample  plane  a  single,  broader  peak 
with  no  hysteresis  is  seen,  as  shown  in  Figure  2.  These  observations  indicate  that  at  this 
temperature  the  atomic  moments  lie  in  the  plane  of  the  layers. 

The  effect  of  temperature  on  the  magnetoresistance  of  a  multilayer  with  thin  (l.Onm)  Gd  layers 
is  illustrated  in  Figure  3.  Although  the  magnetoiesistance  is  strongly  negative  at  low 
temperatures  it  decreases  in  magnitude  as  the  temperature  increases,  becoming  positive  above 
80K.  An  interesting  temperature  dependence  of  magnetoresistance  has  been  observed  in  some 
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Figure  1:  Change  in  resistance  on  cooling  of  three  Gd/W  multilayers  with  tw=  1.7nm;  a)  ton  = 
5.7nm,  R(250K)  =  31.30,  b)  tod  =  1.95nm.  R(250K)  =  40.50,  c)  tcd  =  0.8nm,  R(250K)  = 
57.10. 


Field  (Tesla) 


Field  (Tesla) 


Figure  2:  Magnetoresistance  of  a  typical  Gd/W  multilayer  at  4.2K.  ResistaiKe  in  zero  field  = 
14.40.  a)  Magnetoresistance  and  magnetisation  curve  at  low  in-plane  applied  fields,  showing 
the  resistance  peaks  at  the  coercive  field;  b)  Magnetisation  and  in-plane  and  perpendicular 
magnetoresistance  up  to  high  applied  fields. 
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specimens  with  moderately  thick  Gd  and  W  layers,  as  shown  in  Figure  4.  At  tenqteratuies 
between  lOOK  and  I30K  the  resistance  of  these  specimens  increases  at  fust  and  then  decreases, 
without  measurable  hysteresis,  when  the  field  is  perpendicular  to  the  specimen  plane.  At  higher 
temperatures  the  initial  increase  disappears.  This  unusual  behaviour  is  observed  only  in  those 
multilayers  which  show  reduced  magnetisation  at  4.2K(2). 

DISCUSSION 

1.  Resistance  in  zero  field 

The  results  we  have  obtained  for  the  dependence  of  the  zero-field  resistance  on  layer 
thicknesses  are  similar  to  those  obtained  for  other  multilayer  systems  including  Nh/Al  [7], 
Cu/Ti  [8],  Mo/Ni  [9]  and  Nb/Cu  [  10].  As  discussed  in  [7],  a  transition  from  metallic  to  non- 
metallic  behaviour  occurs  as  the  mean  free  path  of  the  conduction  electrons  decrrases  and 
approaches  the  interatomic  spacing.  A  negative  temperature  coefficent  of  resistance  (TCR)  is 
thus  characteristic  of  all  disordered  UKCal  systems  with  hi^  resistivities,  including  bulk  alloys 
and  amorphous  metals[ll, 12]  as  well  as  thin  films.  The  results  in  figure  1  show  the  expected 
correlation  of  negative  TCR  with  high  resistivity  (see  figure  caption).  The  fact  that  we  observe 
a  negative  TCR  in  amorphous  GdW  alloy  films  is  also  agrees  with  this  well-established  nend. 

In  multilayers  the  decreasing  mean  free  path  at  small  layer  thicknesses  is  generally  attributed  to 
an  increasing  contribution  from  interface  scattering  [7).  In  Gd/W  multilayers  the  interface 
scattering  will  include  a  magnetic  contribution,  and  is  therefore  expected  to  be  larger  than  in 
non-magnetic  systems  such  as  Nb/Al  and  thus  may  become  important  at  relatively  large  layer 
thicknesses.  Although  the  layers  are  fully  crystalline  their  interfaces  are  zones  of  chemical 
disorder  and  as  such  will  have  a  negative  TCR.  The  interplay  between  bulk  and  interface 
scattering  is  evident  in  specimens  such  as  that  shown  in  figure  lb,  where  the  TCR  of  the 
specimen  changes  sign  with  falling  temperature.  This  can  be  interpreted  as  due  to  a  cross-over 
mm  a  high  temperature  re^me,  in  which  temperature-dependent  phonon  and  magnon 
scattering  within  the  layers  is  dominant,  to  a  low-temperature  regime  in  which  the  mean  free 
path  within  the  layers  is  longer  than  the  layer  thickness  so  that  the  scattering  is  dominated  by 
the  negative  TCR  associated  with  the  layer  interfaces.  As  expeaed,  the  temperature  at  which  die 
cross-over  occurs  is  observed  to  increase  as  the  Gd  layer  thickness  deaeases. 

To  a  first  approximation,  a  multilayer  can  be  regarded  as  two  resistances  in  parallel,  although 
the  validity  of  this  simplified  model  depends  on  a  number  of  conditions  which  are  not 
necessarily  fulfilled  {7].  Nevenheless,  this  model  is  useful  as  a  starting  point  for  the 
interpretation  of  resistance  data.  The  absolute  resistivity  of  pure  bulk  W  is  considerably  lower 
than  that  of  bulk  Gd  at  room  temperature  [13]  and  a  simple  parallel-resistors  calculation  shows 
that  in  our  multilayers  most  of  the  current  should  be  carried  by  the  W  layers.  (At  low 
temperatures  conduction  in  the  Gd  layers  should  become  more  significant,  at  least  in  specimens 
with  relatively  thick  Gd,  because  gadolinium  has  a  larger  TCR  than  tungsten.)  However,  if  the 
current  is  flowing  mainly  through  the  tungsten  this  would  lead  us  to  expect  the  three  specimens 
shown  in  Figure  1  to  have  the  same  resistance,  since  they  all  contain  the  same  number  of 
l,7nm  W  layers,  and  this  is  clearly  not  the  case.  We  conclude  that  in  our  multilayers  the  Gd 
layers  are  carrying  most  of  the  current.  This  implies  that  the  I.7nm  tungsten  layers  have  a 
resistivity  considerably  higher  than  that  of  bulk  W  whereas  the  resistivity  of  Gd  layers  less  than 
2nm  in  thickness  is  equal  to,  or  only  slightly  higher  than,  the  bulk  value.  The  origin  of  the  high 
W  resistivity  in  our  specimens  is  not  yet  clear.  It  could  be  related  to  the  induced  magnetic 
moment  we  have  observed  in  the  tung.sten  [1,2],  but  other  possibilities,  such  as  cross¬ 
contamination  of  the  tungsten  with  a  low  concentration  of  Gd  during  deposition,  have  not  yet 
been  definitely  ruled  out.  Further  work  is  in  progress  to  clarify  this  point. 


Our  observations  show  that  the  magnetoresistance  of  the  multilayers  is  dominated  by  the 
negative  magnetwesistance  of  gadolinium.  This  also  suggests  that  the  current  is  mainly  flowing 
through  the  Gd  layers.  However,  any  current  being  carried  by  the  tungsten  layers  will  be 
influenced  by  the  magnetic  state  of  the  Gd  atoms  at  the  interfaces,  so  that  as  the  Gd  moments 
align  in  an  applied  field  the  spin-disorder  contribution  to  the  interface  .scai,  :ring  will  be 
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reduced.  This  effect  will  be  paiticulariy  important  at  low  temperatures  where  interface  scattering 
is  dominant,  and  we  believe  this  is  why  all  the  muldlayets,  both  those  with  positive  TCK  and 
those  with  nerative  TCR,  show  the  same  negtuive  form  of  magnetoresistance  at  low 
temperature.  Tte  change  in  sign  of  the  magnetoresistance  at  higher  temperature,  seen,  for 
example,  in  Figure  3,  suggests  that  in  this  specimen  the  W  layers  are  becoming  the  main 
conduction  channel  above  about  80K  and  that  their  conductivity  is  dominated  by  bulk  scattering 
within  the  layers  rather  than  by  the  Gd  layer  interfaces. 

The  results  shown  in  figure  4  are  extremely  interesting.  This  spedmen  has  relatively  thick  Gd 
layers  (4.2Snm)  and  mvmal,  metallic  resistance  like  that  shown  in  figim  la,  so  bulk  scanering 
within  the  layers  should  be  ^  main  contribution  to  the  resistance  at  this  temperatim.  The 
negative  magnetoresistance  indicates  that  gadolinium  is  controlling  the  magiMoresistance. 
However,  the  magnetoresistance  curve  in  perpendicular  field  is  unlike  anytWng  we  have 
observed  in  pure  Gd  films.  It  bears  a  strong  resemblance  to  the  magnetoresistance  curves  of 
Gd/Fe  multilayers  [14],  in  which  the  two  components  are  andferroitiagnetically  coupled  at  low 
fields,  and  since  we  have  only  observed  curves  of  diis  form  in  multilayers  with  redixxd 
magnetisation  at  4.2K  [2]  we  believe  it  may  be  associated  with  andferroma^etic  alignment  of 
the  moments  in  the  Gd  and  W  layers.  Funher  experiments  to  investigate  this  are  in  progress. 

CONCLUSIONS 

The  resistance  and  magnetoresistance  of  Gd/W  muldlayers  show  a  number  of  intcresdng  and 
unusual  features  which  appear  to  be  correlated  with  the  oscillatory  enhancement  or  reducdon  in 
saturadon  moment  report^  previously.  The  temperature  dependence  of  the  resistance  as  a 
funcdon  of  Gd  layer  thickness  indicates  that  interface  scattering  is  dominant  at  small  layer 
thicknesses,  as  has  been  observed  in  other  metallic  muldlayers.  The  gadolinium  layers 
dominate  the  magnetoresistance  at  low  temperatures  while  the  tungsten  plays  an  increasing  role 
as  the  temperature  is  increased.  However,  many  details  of  the  magnetoresistance  remain  to  be 
inreiprcted,  especially  in  the  cross-over  re^on  between  these  two  regimes.  Further  experiments 
on  this  and  related  muldlayer  systems  are  in  progress. 
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ABSTRACT: 


(NiFe/CuA^Cu)  multilayers  grown  on  (100)Si  by  RF  sputtering  have  been  studied  by 
transmission  electron  microscopy.  The  samples  are  found  to  be  polycristalline  and  are  only 
weakly  textured.  The  period  of  the  multilayers  is  clearly  visible  by  small  angle  electron 
difi&action  and  Fresnel  imaging.  The  waviness  of  the  layers  a(q>eais  to  be  related  to  £e  columnar 
structure  of  the  samples.  Experimental  images  with  Fresnel  contrast  are  compared  with 
simulations  in  order  to  assess  the  thickness  and  roughness  of  each  individual  kyer. 


INTRODUCTION: 


The  growth  of  ultrathin  Metallic  Multilayers  (MLs)  has  received  increasing  attention  in  recent 
years  due  to  their  novel  magnetic  propertiesi.2.  Various  growth  techniques  such  as  Molecular 
Beam  Epitaxy  (MBE)  and  sputtering  have  been  used  to  produce  high  quality  stacks.  The 
interpretation  of  the  magnetic  pixqterties  of  films  with  thicknesses  of  a  few  nanometers  requites  a 
detailed  knowledge  of  the  structural  features  of  the  structures  fabricated.  Thus  a  wide  range  of  in- 
situ  and  ex-situ  characterization  tools  ate  generally  necessary.  The  aim  of  this  work  is  to  present 
a  snidy  using  Transmission  Electron  Microscopy  (TEM)  of  the  NigoFezo/Cu/Co/Cu  system 
grown  on  (lOO)Si  by  sputtering.  Giant  magnetmistance  has  been  reported3.4  in  these  samples 
previously.  We  present  Erst  a  detailed  analysis  of  the  microstucturai  aspects  of  these  MLs.  The 
effect  of  the  thickness  of  the  Co  layers  notably  on  the  structure  and  texture  of  the  layers  has  been 
investigated.  We  show  that  conventional  contrast  modes,  which  usualy  leads  the  usual  informa¬ 
tion  on  the  structure  and  trucrostructure,  fail  to  visualize  the  details  of  the  multilayer  stacking.  We 
then  show  that  the  use  of  Fresnel  contrast  is  a  powoful  tool  to  image  the  details  of  the  multi¬ 
layers  when  they  are  composed  of  elements  with  close  atottuc  numbn.  We  demonstrate  that  the 
complicated  features  of  the  Fresnel  fringe  pattern  can  be  qualitatively  described  using  simple 
simi^tions  in  order  to  approach  the  details  of  the  MLs. 


EXPERIMENTAL: 


Sputtered  NigoFezo/Cu/Co  multilayers  were  prepared  in  a  high  vacuum  RF  diode  sputtering 
system  with  a  base  pressure  of  5  xlO-*  Torr  on  chemically  etched  (lOO)Si  wafers3.4.  The 
deposition  rate  was  of  the  mder  of  O.S  A  s-L  In  order  to  improve  the  structural  quality,  a  buffer 
layer  of  SO  A  of  Fe  were  deposited  on  the  Si  substrate  prior  to  the  growth  of  the  MLs. 

Plane  views  and  cross  sections  were  prepared  by  polishing  and  dimpling  followed  by  argon 
milling  petfonned  using  a  liquid  nitrogen  cooled  stage  equiped  with  a  sector  speed  contrd.  Gmt 
car  as  taken  to  lower  the  Ar  beam  energy  in  order  to  reduce  artefacts  due  to  overheating.  The 
obseivations  were  performed  using  a  Topcon  ABT  002B  microscope  operated  at  200  kV.  It  was 
fitted  with  a  Cs  0.4  mm  pole  piece.  Fresnel  contrast  images  were  lecmded  at  a  magnification 
of  200K  with  a  beam  divergence  of  about  O.S  mid  and  an  objective  aperture  giving  a  resolution 
of2.S  A. 
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Figure  1:  Plane  view  observation  of  [NiFe(50A)/Cu{50A)/Co(10AyCu(50A)]x8.  a)  Bright  field 
image.  The  ba.'  represents  1000  A.  b)  Diffiaction  pattern.  The  arrows  show  the  weak  contribu¬ 
tions  due  to  a  hep  phase. 


MICROSTRUCTURE: 


TEM  observations  were  initially  carried  out  on  two  samples  with  different  Co  layer 
thicknesses  in  order  to  examine  the  influence  of  Co  on  the  structure  of  the  MLs.  These 
comspond  to  the  following  sequences: 

-  (NiFe(50A)/Cu(50A)/Co(l0AvCu(50A)l  x  12 

-  [NiFe(50A)/Cu(50A)/Co(50A)/Cu(50A)]  x  8. 

Figure  l.a  shows  a  plane  view  of  the  MLs.  The  sample  is  polycrystalline  with  grain  sizes 
ranging  from  SOO  to  2000  A.  We  have  not  observed  a  noticeable  modification  of  the  morphology 
with  die  thickness  of  the  Co  layers.  Electron  diffractions  show  that  the  structure  is  predominantly 
fee  despite  some  residual  hep  contribution  presumably  originating  from  the  Co  layer  (Figure 
l.b).  This  hep  contribution  is  very  weak  but  diffraction  rinp  from  (1(X)),  (102),  (1 10)  and  (103) 
planes  are  clearly  observable  on  the  sample  with  a  Co  thickness  of  10  A.  The  amount  of  hep 
phase  tends  to  increase  with  the  Co  thickness  in  agreement  with  Nuclear  Magnetic  Resonance 
(NMR)  results‘*.5. 

Figure  2.a  is  a  bright  field  image  of  a  cross-section.  The  columnar  structure  of  the  sample  is 
clearly  visible  (see  arrows  in  Figure  2).  This  structure  appears  to  originate  at  the  substrate  surface 
and  develops  laterally  with  increasing  the  total  thickness.  This  columnar  structure  is  correlated 
with  the  appearance  of  a  substantial  roughness  (=50A  )  at  the  surface.  Electron  diffraction  on 
cross-sections  show  that  the  MLs  are  practically  not  textured.  This  result  contrasts  with  previous 
observations^  on  similar  materials  fabricated  by  DC  magnetron  sputtering  where  a  strong  (111) 
texture  parallel  to  the  growth  axis  is  observed.  Nevertheless,  we  observe  a  slight  (111)  texture 
on  samples  with  Co  layer  thicknesses  of  10  A. 

A  detailed  analysis  of  the  small  angle  contribution  in  the  electron  diffraction  pattern  obtained 
on  cross-sections  reveals  some  extra  reflections  on  each  side  of  the  central  pe^  (see  insert  of 
Figure  2.a ).  These  are  the  signature  of  a  superlattice  structure  in  the  materi^  and  demonstrate 
the  existence  of  the  multilayer  period.  This  result  has  been  confirmed  by  small  angle  X-ray 


Figure  2;  Bright  field  images  of  (NiFe(50A)/Cu(50A)/Co(50A)/Cu(50A)]x8.  a):  Defocus=0  nm, 
insert:  low  angle  electron  diffraction,  b):  Defocus='20  |im.  The  bar  represent  lOOOA. 


diffraction  where  similar  diffraction  effects  are  observed.  Thus,  although  the  existence  of  a 
multilayer  structure  is  clearly  demonstrated  by  diffraction,  this  does  not  appear  clearly  in  the 
images  in  diffraction  contrast  (Figure  2.a).  This  can  be  readily  understood:  if  the  crystals  in  the 
layers  are  not  in  strong  diffracting  condition,  absorption  is  the  predominant  cause  of  contrast, 
and  since  the  constituent  elements  have  extremely  close  Z,  the  absorption  will  be  virtually 
identical  for  all  the  layers  (hence  little  or  no  contrast).  However,  the  contrast  can  be  enhanced  by 
defocusing  the  objective  lens  leading  to  the  appearance  of  Fresnel  fringes.  An  image  of  the  MLs 
obtained  under  such  condition  is  shown  in  Figure  2.b.  The  aspect  of  die  Fresnel  contrast  is  not 
straightforward  and  depends  on  the  focus  conditions.  An  attempt  to  describe  these  features  is 
presented  in  the  next  section.  Nevertheless  a  rapid  inspection  of  the  details  in  the  image  is 
sufficient  to  obtain  informations  on  the  stacking  lesularity.  We  notice  that  near  the  substrate,  the 
layers  are  almost  flat  with  a  roughness  of  about  10  A.  Above  approximatively  500  A  of  thickness 
an  undulation  of  the  fringes  appears  which  leads  to  an  increase  of  the  roughness  to  about  50  A  at 
the  t^  of  the  sample.  These  undulations  appev  to  be  related  to  the  columnar  structure  observed 
previously.  However,  the  fringes  appear  continuous,  suggesting  that  the  layers  are  continuous 
too  (the  condnuhv  of  the  thinnest  layers,  i.e.  when  the  layer  thiclmess  is  of  the  same  order  as  the 
Fresnel  fringe  thickness,  has  to  be  verified).  A  penod’cify  is  clearly  visible  in  the  system  of 
Fresnel  fringes  (Figure  2.b).  Its  value  is  a  direct  measurement  of  the  period  of  the  superlattice. 
Here  we  find  a  value  of  250  A  in  good  agreement  with  that  deduced  from  peaks  spacing 
measured  in  the  small  angle  electron  diffraction  (inset  of  Figure  2.a).  Furthermore  the  MLs 
period  measured  on  the  Fresnel  fringe  system  does  not  vary  significantly  in  the  sample  despite 
the  observed  waviness.  This  waviness  appears  to  play  an  important  role  in  the  magnetoiransport 
properties  in  strongly  reducing  the  Co  coercivity.  Such  an  effect  can  be  dramaticaly  reduc^  if 
samples  with  lower  total  thicknesses  are  grownA 

Dark  field  imaging  reveals  clearly  the  effect  of  texture.  Figure  3.a  is  a  dark  field  image  which 
highlights  grains  with  a  (1 1 1)  texture  along  the  growth  axis.  These  grains  are  found  to  be  large 
enough  to  extend  through  the  total  diickness  of  the  MLs. 
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Figure  3:  a)  Dark  Field  image  with  g=(lll)  parallel  to  the  growth  axis  obtained  on 
[NiFe(S0A)/Cu(S0A)/Co(10A)/Cu(S0A)]x8.  b)  Dark  Held  image  formed  with  the  diffuse 
scattering,  llie  amoridious  layer  is  shown  by  an  arrow.  The  bars  represent  1000  A. 


A  close  examination  of  the  high  lestdution  images  cf  the  interface  between  the  Fe  buffer  layer 
and  the  Si  interface  reveals  an  anioqriMus  or  micnKristalline  layer  of  about  15  A  thick.  This  layer 
is  also  observable  in  the  dark  field  image  obtained  with  the  diffused  scattering  (Figure  3.b).  This 
thin  layer  is  not  systematicaly  observed  on  all  the  samples.  Thus  it  is  attribute  preferentially  to  a 
residu^  of  Si02  due  to  substrate  preparation  previous  to  the  growth  rather  than  to  an  eventual 
reaction  ofFewithSi. 


FRESNEL  CONTRAST: 


Fresnel  contrast  is  due  to  refraction  of  the  electron  waves  at  the  interfaces  between  media 
with  different  mean  inner  potentials.  This  technique  has  been  widely  used  for  the  determination 
of  boundary  layer  thicknesses^-io.  An  interesting  feature  this  method  is  that  the  contrast  of  the 
Fresnel  fringes  between  two  materials  with  close  atomic  number  can  be  enhanced  under  strong 
defocusing  conditions.  Thus  Fresnel  imaging  is  a  useful  tool  to  study  MLs  composed  of 
elements  like  Fe,  Ni,  Co,  Cu,  Cr  and  their  alloys:  these  materials,  often  produced  by  sputtering 
techniques,  are  genetaly  not  monocrystalline,  and  hence  large  angle  X-ray  diffraction  cannot  be 
used  to  assess  die  regularity  and  period  of  the  MLs.  In  practice  through  focal  series  of  TEM 
images  are  recorded  and  compared  to  simulations  which  assume  the  nature  of  the  boundary  layer 
(i.e.  its  mean  inner  potential  Vo),  its  width  and  diffusivity. 

The  detailed  shape  of  the  profiles  of  the  Fresnel  fringes  cannot  be  directly  and  uniquely 
interpreted  in  order  to  recognize  the  layers  and  determine  the  interfaces'  properties.  This  is 
because  the  recorded  images  result  from  the  convolution  of  the  transmitted  electron  wave 
function  by  the  election  optical  transfert  function  of  the  instrumenL  Examples  of  the  influence  of 
the  operating  conditions  are  shown  in  Figures  4.  It  is  obvious  that  the  contrast  is  totally  modified 
by  the  focusing  conditions.  At  zero  defocus  (i.e.  image  perfectly  focused)  only  a  very  weak 
contrast  is  observed  as  expected.  By  increasing  the  out  of  focus,  Fresnel  contrast  is  generated, 
but  the  contrast  varies  substantially  (it  can  be  reversed  between  undeifocus  and  overfocus)  and 
no  ready  conclusions  can  be  made  excepted  concerning  the  regularity  of  the  layers  (comparing 
the  sequence  of  the  Fresnel  fringes  to  ^at  of  the  MLs).  This  point  becomes  critical  when  the 
layer  thickness  and  the  Fresnel  Mnge  width  are  similar.  Thus  the  only  way  to  correctly  extract 
information  from  Fresnel  images  is  to  compare  them  with  simulations. 

The  main  features  of  the  Fresnel  fringe  system  can  be  described  with  simple  assumptions 
concerning  the  interaction  of  the  electron  beam  with  the  material.  For  a  mean  inner  potential  Vo 
and  in  the  kinematical  limit,  the  wave  function  Y  at  the  exit  face  of  the  sample  can  written  as 
follows'^.i®: 

'P=ae~'P  with  P=itVo  e/XE 

where  a  is  the  absorption,  e  the  thickness  of  the  TEM  sample  and  E  and  X  the  energy  and 
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Figure  4:  Comparison  between  experimental  (right)  and  simulated  (left)  Fresnel  images  of 
[Ci(20A)/Cu(10A)/FeNi(50)/Cu(lO)]x3  at  differents  defoci.  The  bar  represents  50  A.  An 
interface  diffuseness  of  8  A  has  been  included  in  the  simulations,  a):  Defocus=+400  nm. 
b):  In  focus.  Right:  stacking  sequence  used  for  the  simulations,  c):  Defocus=-400  nm. 

wavelength  of  the  electron  beam.  Due  to  the  close  values  of  the  atomic  numbers  of  Cu,  Co,  Fe 
and  Ni  we  assume  the  same  value  for  the  absorption  term  a  for  all  the  elements.  Vo  can  be 
deduced  from  the  atomic  scattering  factors7.»  for  zero  scattering  angle.  The  values  used  for  Vo 
are  respectively  22.7,  28.5  and  29.5  eV  for  Cu,  NigoFe2o  and  Co.  The  parameters  of  the  transfer 
function  of  the  microscope  include  spherical  and  chromatic  aberrations,  divergence  and  objective 
aperture.  The  main  limitation  of  this  description  is  the  kinemadcal  limit  which  imposes  the  study 
of  very  thin  TEM  foils  if  well  oriented  monocristalline  materials  are  studied,  in  order  to  avoid 
strong  diffraction  effects.  Fortunately,  in  our  case  the  MLs  are  polycristalline  with  only  a  very 
slight  texture.  Thus  it  is  possible  to  observe  the  MLs  “edge  on”  provided  that  the  observed  zones 
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are  not  in  Bragg  conditioR  (i.e.  (he  gnuits  are  not  oriented  parallel  to  the  electron  beam).  Our  aim 
was  in  a  first  step  to  describe  qualitatively  the  Fresnel  contrast,  so  no  attempt  was  made  to 
compare  absolute  intensity  between  calculated  and  recorded  images.  A  value  of  ISO  A  for  the 
thickness  e  of  the  cross-secdon  sample  was  assumed.  This  parameter  does  not  qualitatively 
affeasthe  results  of  the  calculadons  except  for  the  values  of  absolute  intensities. 

Comparison  between  experimental  and  calculated  imtgfs  are  shown  in  Figure  4  for  samples 
with  different  Cu  thicknesses.  We  have  simulated  only  the  sequence 
NiFe/CWDVCufNiFe/Cu/Co/Cu/NiFe  shown  on  the  right  part  of  Figure  4.b.  It  should  be  noted 
that  the  appearance  of  a  teasonnabie  Fttsnel  contrast  in  this  system  is  foituitous;  this  is  due  to  the 
low  value  of  Vq  for  Cu  with  respect  to  Co,  Fe  and  Ni,  and  for  example  we  have  observed  little  or 
no  contrast  at  Fe/Co  interfaces.  If  we  conqiare  the  simulations  with  the  experimental  images,  the 
agreement  is  rather  good.  We  see  that  the  true  muldlayer  sequence  cannot  be  deduced  directly 
from  the  Fresnel  fringes  but  requires  the  use  (rf  simulations.  The  calculations  presented  here  were 
performed  assuming  layer  diicknesses  givoi  by  the  calibration  (rf  the  sputtering  machine. 

A  qualitative  informadon  on  the  interface  diffuseiress  can  be  deduced  from  the  evolution  of 
the  contrast  with  the  defocus  value.  For  example,  for  perfectly  abnipt  intnfaccs.  residual  Fresnel 
fringes  should  be  observed  at  Zero  defocus.  Furthermore,  the  maximum  value  of  contrast  of 
these  fringes  should  be  observed  at  about  -SOnm  defocus.  This  is  not  observed  experimentaly, 
and  to  obtain  a  teasonnabie  qualitative  agreement,  an  interface  diffuseness  of  about  8  A  has  to  be 
introduced.  This  value,  although  quite  imprecise  because  TEM  averages  any  details  along  the 
electron  beam  axis  (the  thickness  of  the  cross-section  foil),  agrees  with  NMR  results  obtain^  on 
the  QVCu  interface^. 

Further  improvement  in  the  study  of  metallic  MLs  by  the  Fresnel  method  should  include  the 
recording  of  the  absolute  intensity  of  the  images  fot  the  purpose  of  direct  comparisons  with 
calculadons.  Refinement  in  the  calculation  coukl  iiKlude  a  less  phenomenological  treatment  of 
inelastic  scattering  as  well  as  the  dynamical  effects*.  In  that  case,  we  can  expect  more  accurate 
information  on  the  interface  characteristics.  Nevertheless,  we  think  that  the  most  serious 
limitation  of  this  technique  arises  from  the  intensity  flucniations  observed  in  the  experinwnul 
images.  These  flucniations  may  be  related  to  sample  damage  created  during  the  argon  milling  and 
the  main  task  we  have  to  tackle  in  the  future  remains  the  reduction  of  the  roughness  and 
amorphization  at  the  surface  of  the  cross-section  samples. 


CONCLUSIONS: 

A  detailed  structural  analysis  of  NiFe/Cu/Co/Cu  multilayers  grown  by  RF  sputtering  has  been 
presented.  RF  sputtering  appears  to  give  rise  to  samples  less  textured  than  DC  magnetron 
sputtering.  High  quality  MLs  stacking  can  be  obtained  provided  that  the  total  thickness  of  the 
samples  does  not  exceed  500  A.  We  show  that  the  difficulties  in  imaging  the  layers,  related  to  the 
close  atomic  numbers  of  the  consituents,  can  be  overcome  using  Fresnel  imaging. 
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ABSTRACT 

Elastic  neutron  scattering  measurements  performed  at  the  NIST  reactor  have  been  used  to 
measure  the  staggered  magnetization  near  the  transition  temperature  in  a  thin  antiferromagnetic 
epitaxial  film  of  FeFi  of  thickness  0.8^m  and  diameter  1cm  grown  on  a  diamagnetic  (001)  ZnFj 
substrate  by  MBE.  The  use  of  a  thin  film  permits  extinction-free  Bragg  intensities,  something 
which  has  proven  impossible  in  bulk  crystals.  The  growth  techniques  yield  sufiicient  crystal  quality 
to  observed  resolution  limited  magnetic  Bragg  scattering  peaks  and  to  approach  the  transition 
within  a  reduced  temperature  of  |r)  =  0.003.  The  structure  quality  of  this  sample  has  been 
characterized  using  X-ray  double  crystal  diffraction  with  a  measured  rocking  curve  lin  ewidth 
of  less  than  30  arc  sec.  The  sample  thickness,  while  small  enough  to  eliminate  extinction,  is 
sufficiently  large  to  assure  three-dimensional  Ising  model  critical  behavior.  We  indeed  observe 
critical  behavior  consistent  srith  theoretical  predictions.  The  success  of  the  thin  film  experiments 
demonstrates  the  possibilities  of  extinction-free  Bragg  scattering  measurements  in  a  variety  of 
antiferromagnetic  materials,  including  multilayered  systems. 

INTRODUCTION 

Neutron  scattering  techniques  can  be  extremdy  useful  in  the  characterization  of  phase  tran¬ 
sitions  in  antiferromagnetic  materials.  The  fluctuation  correlation  length,  the  staggered  mag¬ 
netization,  and  the  staggered  susceptibility  can,  in  principle,  be  measured  from  the  scattering 
intensity  in  the  vicinity  of  the  antiferromagnetic  Bragg  position.  With  the  exception  of  the  stag¬ 
gered  magnetization,  this  is  routinely  done  in  bulk  single  crystals  in  which  phase  transitions  to 
three-dimensional  (d  =  3)  magnetic  order  take  place{l]. 

In  principle,  since  the  order  parameter  is  proportional  to  the  square  root  of  the  Bragg  scat¬ 
tering  intensity,  one  should  observe  the  asymptotic  Bragg  scattering  intensity 

=  ,  (1) 

where  M,  is  the  staggered  magnetization,  (  =  T/Tm  -  1,  and  P  is  the  order  parameter  exponent 
characteristic  of  the  universality  class  of  the  transition.  In  practice,  however,  the  determination 
of  the  critical  behavior  of  the  order  parameter  is  often  not  realized  for  d  =  3  antiferromagnetic 
transitions  using  high  quality  crystals.  Since  the  magnetic  Bragg  scattering  occurs  at  points 
in  reciprocal  space,  the  scattering  crossection  can  be  so  large  that  all  of  the  neutrons  that  can 
scatter  will  do  so  in  the  first  few  microns  of  sample,  a  phenomenon  known  as  extinction.  As 
a  consequence  the  staggered  magnetization  appears  to  quickly  saturate  as  the  temperature  is 
lowered  below  Tn-  Analyzing  the  data  assuming  the  power  law  behavior  in  Eq.  1  results  in  the 
wrong  value  for  the  critical  exponent  p.  Hence,  accurate  critical  behavior  measurements  of  the 
d  =  3  staggered  magnetization  in  bulk  samples  of  high  quality  FeFj  have  not  been  made  using 
neutron  scattering  techniques.  Instead  Mossbauer  techniqnes[2]  have  been  used  to  determine  the 
critical  exponent  P  =  0.325  ±  0.005,  which  corresponds  exceedingly  well  to  the  theoreticallS,  4] 
value  p  =  0.325  ±  0.001. 
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The  FeFt  •yetem  u  one  of  the  most  ideal  and  thoroughly  characterized  Ising  systems.  It  is 
ideal  since  it  has  only  one  significant  exchange  interaction,  that  between  second-nearest-neighbors, 
and  the  anisotropy  is  large(S],  making  it  a  particularly  simple  system  with  a  large  asymptotic 
power  law  region  |(|  <  0.02.  As  well  as  being  a  model  Ising  system,  /"e/j  can  be  diluted  by 
growing  it  in  solution  with  the  diamagnet  ZnFi-  Any  concentration  can  be  grown  and,  with 
care,  the  concentration  can  be  made  quite  uniform.  The  mixed  system  Fe^Zni-^Fi  still  can  be 
described  exceedingly  well  using  only  the  second-nearest-neighbor  interaction  and  an  ar'sotropy 
that  increases  slightly  upon  dilution[6].  Fe^Zni-,F%  is  ideally  suited  for  studying  the  random- 
exchange  Ising  model.  Upon  application  of  a  magnetic  field  along  the  easy  axis,  the  random-field 
Ising  model  is  realized.  It  was  in  this  system  that  the  random-field  d  =  3  Ising  phase  transition 
was  first  observed  using  birefringence  techniques!?].  Mossbauer  measurements  have  yielded  the 
exponent  =  0.35  ±  0.01  for  this  random-exchange  system|8].  The  random-exchange  exponent 
is  in  excellent  agreement  with  the  theoretical  value[9,  10]  0  =  0.349  ±  0.002.  The  random-field 
behavior  of  the  order  parameter,  which  should  be  realized  with  a  field  appUed,  has  so  far  proven 
difficult  to  interpret  in  Mossbauer  experiments.  Neutron  scattering  experiments  have  also  failed 
to  yield  the  exponent  0,  in  part  because  the  d  =  3  bulk  samples  suffer  severely  from  extinction. 
This  is  unfortunate  since  the  exponent  is  predicted  to  decrease  from  the  random-exchange  value  of 
about  1/3  to  the  random-field  value  of  0.05  or  amalier{ll,  12]  upon  application  of  a  magnetic  field. 
The  only  indication  of  a  decrease  in  0  comes  somewhat  indirectly  from  dilation  experiments[13]. 
This  large  and  interesting  crossover  from  random-exchange  to  rsmdom-field  critical  behavior  was 
one  of  our  motivations  to  develop  a  method  for  using  neutron  scattering  in  which  we  eliminate 
the  problems  of  extinction.  The  successful  technique  involves  the  epitaxial  growth  of  a  magnetic 
film  of  the  insulating  antiferromagnet  fe/j  on  a  diamagnetic  insulating  substrate  ZnFj.  The 
antiferromagnetic  film  is  thin  enough  to  preciude  the  effects  of  extinction. 

Another  equally  important  motivation  for  developing  the  thin  film  technique  is  that  it  opens 
many  new  avenues  for  studying  novel  materials  formed  from  the  epitaxial  growth  of  insulating 
antiferromagnetic  thin  films.  For  example,  multilayered  samples  in  which  each  alternating  layer 
has  a  different  exchange  strength  could  be  studied.  One  specific  casejldj  would  be  when  one  type 
of  layer  is  diamagnetic  Znfj  and  the  other  is  antiferromagnetic  FeFj.  As  the  magnetic  layer 
thickness  is  decreased,  one  should  observe  the  crossover  from  three  to  two  dimensional  critical 
behavior.  Another  example  is  (FeF})sf(CoFi)f/,  a  multilayer  thin  film  which  has  been  studied 
as  a  function  of  Af  and  JV,  as  reported  in  another  manuscript  in  these  proceedings[15]. 

In  the  process  of  developing  the  thin  film  technique,  we  first  fabricated  pure  F eF^  films  on 
ZnF]  substrates.  We  report  here  the  results  of  the  first  successful  neutron  measurements  on  such 
a  film.  Since  the  critical  behavior  of  the  staggered  magnetization  has  already  been  determined 
experimentally [2]  in  FeFi,  the  purpose  of  our  study  was  not  to  accomplish  this  determination 
but  instead  to  establish  the  feasibility  and  validity  of  the  technique  of  using  epitaxial  films  to 
study  critical  behavior  studies  of  the  staggered  magnetization  of  d  =  3  phase  transitions. 


EXPERIMENTAL  TECHiNIQUES 

The  epitaxial  FeFt  layer  was  grown  by  MBE  techniques  in  a  modified  Varian  UHV  system 
equipped  with  cyropanels  to  reduce  pressure  increases  during  the  oxide  removal  and  growth 
processes.  The  base  pressure  <  '  the  system  is  less  than  10~*  Torr  with  the  pressure  rising  no 
higher  than  5  X  10~’  Torr  during  growth.  Oxide  removal  of  the  ZnF^  substrate  was  first  carried 
out  at  450  degrees  Celsius  for  10  minutes,  after  which  the  temperature  was  lowered  to  a  growth 
temperature  of  300  degrees  Celsius.  The  F eFj  film  was  vaporized  from  an  open  pyrolized  graphite 
crucible  at  a  rate  of  approximately  1  micron/hr.  The  film  thickness  was  determined  using  a  quartz 
crystal  oscillator[16]. 

Unlike  semiconductor  such  as  OaAs,  ZnFj  substrates  are  not  avmlable  commercially.  It  was 
necessary  therefore,  to  develop  substrate  growth  and  preparation  techniques.  The  (001)  ZnFi 
substrate  was  grown  by  the  Bridgman  method  and  carefully  aligned  with  the  c-axis  perpendicular 
to  the  substrate  surface  using  an  X-ray  Laue  Camera.  The  substrate  was  mechanically  polished 
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Figure  1:  Tbe  Bragg  scattering  intensity,  which  is  proportional  to  the  square  of  the  staggered 
magnetization,  versus  temperature  for  a  pure  FeF}  thin  epitaxial  Um  on  a  ZnF]  substrate.  The 
solid  curve  is  a  fit  to  Eq.  1  with  0  =:  0.32  and  a  constant  background  term.  The  crosses  (squares) 
are  for  increasing  (decreasing)  T. 


using  diamond  paste  on  a  custom  polishing  system.  A  combined  mechanical/chemical  etching 
technique  was  used  as  the  last  polishing  step  in  order  to  remove  damage  left  by  the  mechanical 
polishing  steps.  A  20%  RCL  sedation  was  used  in  conjunction  with  a  custom  etch  polishing 
system.  A  final  free  etch  in  20%  HCL  was  used  before  loading  the  substrate  into  tbe  high  vacuum 
MBE  growth  chamber.  The  necessity  for  such  an  elaborate  polishing  scheme  for  high  quality 
layers  was  estabUshed  during  capacitance  studies  on  FeF]  epitaxial  films[17]. 

The  structural  quality  of  the  FeFj  epitaxial  film  was  determined  by  X-ray  double  crystal 
difiTraction.  The  observed  rocking  curve  linewidth  may  be  compared  to  its  intrinsic  value  as 
calculated  by  dynamical  diffraction  theory.  For  the  0.8/i  FeFj  film  used  in  this  study,  a  measured 
linewidth  of  30  arc  secs  was  observed  compared  to  an  intrinsic  value  of  22  arc  sec.  The  rocking 
curve  lineuddth  is  almost  intrinsically  limited  indicative  of  extremely  high  quality  material|18]. 

In  the  present  study,  we  have  characterized  the  Bragg  intensity  of  a  0.8/i  epitaxial  thin  film 
of  FeFj  which  has  its  c-axis,  along  which  the  spins  order,  perpendicular  to  the  film  plane.  The 
elastic  measurements  were  performed  at  the  National  Institute  of  Standards  and  Technology 
reactor  on  the  BT-9  triple-axis  spectrometer  at  an  energy  of  14.8tneF  using  a  pyrolyzed  graphite 
'uonochromator  and  analyzer.  The  collimations  used  in  the  measurements  were  45  minutes  of 
arc  before  the  monochromator,  20  minutes  between  the  monochromator  and  sample,  20  minutes 
between  the  sample  and  analyzer,  and  45  minutes  between  the  analyzer  and  detector.  A  pyrolyzed 
graphite  filtet  was  employed  to  reduce  contamination  from  higher  energy  neutrons. 
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Figure  2:  The  log^ithm  of  the  Bragg  scattering  intensity  versus  the  logarithm  of  the  reduced 
temerature  for  the  same  data  as  in  Fig.  1,  but  with  the  constant  background  term  subtracted. 
The  solid  curve  is  a  fit  with  0  —  0.32, 

Because  the  sample  is  quite  thin,  the  measurements  were  taken  over  a  long  period,  typically 
one  minute  per  point  with  a  six  minute  wait  after  changing  the  temperature.  A  relatively  large 
background  signal  is  present  in  the  intensity  measurements[19]  but  is  constant  far  above  the 
transition  and  is  relatively  easily  determined  in  the  fits  to  the  data.  Scattering  from  fluctuations 
are  in  principle  measured  along  with  the  Bragg  intensity  at  q  =  0.  However,  we  attempted  to 
measure  the  scattering  from  fluctuations  away  from  the  Bragg  point,  9  ^  0,  and  were  unsuccessful 
since  the  intensity  from  the  thin  film  is  too  small.  Hence,  we  believe  that  the  contribution  from 
fluctuations  is  insignificant  in  comparison  to  the  Bragg  intensity  and  affect  the  results  very  little. 
The  sample  was  aligned  with  the  film  in  the  scattering  plane.  Only  a  minute  misalignment  of 
the  film  plane  from  the  a-b  crystalline  plane  roughly  by  an  angle  0  5f/d,  where  6t  is  the  film 

thickness  and  d  is  the  film  diameter,  is  adequate  to  avoid  extinction.  Since  the  crystalline  plane 
of  the  substrate  is  aligned  with  an  accuracy  of  about  O.l  degrees,  this  situation  is  easily  satisfied. 
A  rocking  curve  indicates  that  the  Bra^  peak  from  the  film  is  essentially  resolution  limi  ed  with 
a  half  width  at  half  maximum  (HWHM)  of  0.002  reciprocal  lattice  units. 


EXPERIMENTAL  RESULTS 

The  intensity  at  9  =  0  versus  T  is  shown  in  Fig.  1  along  with  a  fit  to  Eq.  1  plus  a  constant 
for  the  background.  Very  little  rounding  of  the  transition  is  evident,  attesting  to  the  hiqh  quality 
of  the  film.  The  data  are  consistent  with  the  known  critical  exponent  0  =  0.325,  as  illustrated 
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in  Fig.  2,  where  the  logarithm  of  the  intensity  with  the  background  removed  is  shown  versus  the 
logarithm  of  |<|.  A  fit  to  Eq.  1  is  shown  over  the  range  0.002  <  \T|  <  0.025. 


CONCLUSIONS 

We  have  established  that  the  limitations  of  extinction  which  plague  Bragg  intensity  measure¬ 
ments  in  bulk  antiferromagnetic  insulators  can  be  overcome  by  measurements  on  thin  epitaxial 
films  of  suitable  quality.  The  meamrements  on  a  0.8^m  film  are  consistent  with  measured  and 
calculated  critical  exponent  0^  in  Seating  the  absence  of  extinction.  The  way  is  now  open  for 
studies  of  dilute  magnetic  systems  and  in  particular  the  elusive  random-field  Ising  order  param¬ 
eter  critical  behavior.  Efforts  ate  underway  on  this  problem.  Studies  of  multilayer  epitaxial  thin 
films  systems  are  also  being  conducted. 
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ABSTRACT 

We  have  used  polarized  neutron  reflectivity  to  study  the  magnetic  microstmetnre  of  two 
Fe/Cr(100)  superlattices  grown  by  molecular  beam  epitaxy.  The  first  film,  of  nominal  com¬ 
position  (0.9  nm  Cr/5.5  nm  Fe]s,  and  atomically  sharp  interfaces,  exhibits  classiral  coUinear 
antiferromagnetic  structure.  The  other  film  ([1.2  am  Cr/S.5  nm  Fe]s),  grown  at  a  higher  temper¬ 
ature,  shows  the  field-dependent  non-coUinear  features  attributed  to  biquadratic  coupling.  We 
will  describe  these  measurements  and  our  preliminary  structural  analysis. 


HISTORY  AND  MOTIVATION 

The  Fe/Cr  system  possesses  a  rich  history  and  has  served  as  the  point  of  discovery  for  most 
of  the  novel  aspects  of  magnetic  coupling  in  transition-metal  multilayers,  wedges,  and  films.  The 
observations  of  the  antiferromagnetic  coupling  of  iron  across  a  chromium  interlayer  [1],  the  giant 
magnetoresistive  effect  [2,  3],  and  oscillatory  interlayer  coupling  [4,  5]  preceded  similar  discoveries 
in  other  systems  and  have  spawned  a  large  industry  devoted  to  the  study  of  transition- metal  layers. 
Recent  work  has  maintained  this  trend,  with  the  measurement  of  oscillations  with  a  period  of 
two  Cr  layers  [fi-8]  and  non-coUinear  (“biquadratic”)  coupling  (9).  We  present  polarized  neutron 
reflectivity  data  from  samples  exhibiting  both  simple  coUinear  antiferromagnetic  order  and  non- 
coilinear  structure.  Other  workers  have  studied  the  Fe/Cr  system  using  neutrons  [10-15],  but 
have  not  drawn  a  clear  distinctioa  between  coUinear  and  non-coUinear  structure. 

The  samples  used  in  this  study  were  prepared  by  molecular-beam  epitaxy  (MBE)  on  the 
same  GaAs/Fe/Ag  substrate-buffer  system  described  in  ref.  [9],  Instead  of  wedge  structures,  two 
superlattices  of  nominal  composition  [z  nm  Cr/5.5  nm  Fejs,  with  z  =  0.9  and  1.2  nm,  were  grown 
at  T  =  293  and  523  K,  respectively  (see  refs.  [16-18]  for  details).  In  the  following  sections,  we  wiU 
present  a  qualitative  comparison  of  the  two  different  types  of  structure  by  means  of  magneto-optic 
Kerr  effect  and  neutron  reflectivity  measurements. 


POLARIZED-NEUTRON  REFLECTIVITY 

By  measuring  the  specular  reflectivity  of  neutrons,  one  can  determine  the  layer-averaged, 
depth-dependent  chemical  and  magnetic  structure  of  planar  samples.  The  theory  of  polarized- 
neut;  m  reflectivity  has  been  described  by  a  number  of  authors  [19-23],  so  we  wUl  simply  outUne 
it  here.  Figure  1  shows  a  beam  of  neutrons  of  wavelength  A  incident  onto  and  specularly  reflected 
from  a  fiat  surface.  The  reflectivity  depends  on  the  specular  glancing  angle  0  and  is  conventionally 
described  in  terms  of  the  wavevector  transfer,  Q  =  ~-(4TaiD0/A)z,  where  i  is  normal  to  the 
surface.  The  incident  neutrons  have  been  polarized  by  Fe/Si  supermirrors  either  parallel  or  anti¬ 
parallel  to  a  uniform  field  ff  applied  in  the  plane  of  the  film  surface.  The  reflected  neutrons  are 
then  analyzed  for  their  polarization  state  and  accumulated  in  a  ^He  proportional  counter  as  a 
function  of  0  (see  ref.  [23]  for  details). 

Using  the  arrangement  outlined  above,  one  can  measure  the  intensity  of  four  possible  neutron 
scattering  processes  relative  to  incident  parallel,  specular  parallel  (-l-l-);  incident  parallel. 
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Figure  1:  Reflection  geometry.  A  monochromatic  (A)  p<flarize<l  neutron  beam  is  incident  at 
glancing  angle  6  onto  the  surface  of  a  flat  sample  and  specularly  reflected  JQ  =  -(4Tsinfl/A)i|. 
The  projection  of  the  sample  magnetization  M{z)  onto  the  quantizing  field  S  defines  the  character 
of  the  scattering.  Magnetization  components  perpendicular  to  H  (isr  direction)  produce  spin-flip 
(SF)  intensity,  while  the  parallel  components  (^sp)  and  the  nuclei  scatter  in  the  non-spin-flip 
(NSF)  channel. 


specular  anti-parallel  (H — );  incident  anti-parallel,  specular  parallel  (-■)-);  and  incident  anti¬ 
parallel,  specular  anti-parallel  ( — ).  The  intensity  scattered  into  these  channels  depends  on 
the  microscopic  distribution  of  nuclear  and  magnetic  scatterers  at  and  below  the  surface  of  the 
sample.  For  the  purposes  of  this  discussion,  let  us  assume  that  the  sample  moment  M{z)  is 
confined  to  planes  parallel  to  the  surface  (M(r)  J.  Q).  The  neutron-sample  interactions  can  then 
be  grouped  into  two  different  classes,  the  spin-flip  processes  (SF)  corresponding  to  the  (±7)  cross 
sections  ana  ''e  non-spin-flip  processes  (NSF)  corresponding  to  (±i:).  As  can  be  shown  from 
elementary  quantum  mechanics,  the  only  structural  features  that  can  flip  the  neutron  spin  are 
components  of  the  magnetization  perpendicular  to  the  quantization  axis,  so  the  (±7)  intensities 
depend  only  on  M(z)  ■  esp,  where  esF  A  ff  X  Q.  The  NSF  channel  contains  all  of  the  nuclear 
scattering  and  the  remaining  magnetic  intensity  [M(z)  ■  cnsf],  with  cnsf  II  ^  X  Q.  Employing  a 
modeling  scheme  similar  to  that  used  for  unpolarized  reflectivity  [24],  one  can,  by  simultaneously 
fitting  the  intensity  in  the  four  cross  sections,  extract  the  nuclear  and  magnetic  density  profiles 
and  the  depth  dependence  of  the  magnetization  orientation. 


ANTlFERROMAGNETfC  STRUCTURE 

Anliferromagnetic  (AF)  structures  possess  characteristic  signatures  for  both  bulk  magnetiza¬ 
tion  and  neutron  diffraction.  Fig.  2a  shows  a  magneto-optic  Kerr  effect  (MOKE)  loop  from  a 
sample  of  nominal  composition  [0.9  nm  Cr/5.S  nm  Fejs,  grown  at  293  K.  The  absence  of  remanent 
magnetization  reveals  that  the  sample  is  essentially  completely  antiferroniagnetic.  By  means  of 
neutron  reflectivity,  one  can  determine  the  exact  nature  of  this  antiferromagnetic  order.  Before 
being  mounted  on  the  BT-7  reflectometer  at  NIST,  the  sample  was  placed  in  a  700  Oe  field  par¬ 
allel  to  the  eventual  NSF  axis.  This  treatment  was  designed  to  induce  the  antiferromagnetically 
coupled  moments  to  be  oriented  in  the  spin-flop  state,  with  the  spins  lying  parallel  to  the  SF 
axis  after  removal  from  the  magnet.  The  sample  was  then  placed  on  the  reflectometer  in  a  14  Oe 
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;  Figure  2:  Magneto-optic  Kerr  effect  measurementa.  (a)  MOKE  loop  from  sample  of  composition 
j  [0.9  nm  Cr/5.5  nm  Fejs  that  exhibits  the  zero  remanence  characteristic  of  simple  antifeiromagnetic 
.  coupling,  (b)  MOKE  loop  from  sample  of  compositkm  [1.2  nm  Cr/5.5  nm  Fejs  showing  more 
complex  pattern  attributed  to  biquadratic  coupling.  The  arrows  indicate  the  fields  at  which  the 
data  described  below  were  tahen. 


quantizing  Reid.  Fig.  3  shows  the  reflectivity  of  the  film  in  the  four  cross  sections  [(-I — )  and  ( — h) 
intensities  are  identical  and  have  been  added  to  improve  counting  statistics].  The  bilayer  spacing 
of  the  film  should  produce  a  structural  superlattice  peak  at  Q  »  2t/(6.4  nm)  su  1.0  nm~’ .  Such  a 
peak  is  visible  in  the  NSF  data.  Now,  adjacent  iron  layers  with  parallel  moments  exhibit  the  same 
periodicity  as  the  structural  modulation,  but  produce  different  intensities  in  the  (-h-l-)  and  ( — ) 
cross  sections.  In  addition,  a  net  magnetization  over  the  entire  thickness  of  the  film  would  cause 
the  (-1-1-)  and  ( — )  cross  sections  to  exhibit  different  critical  wavevectors  itQfs  0.2  nm“'.  The 
absence  of  splitting  in  the  NSF  and  the  absence  of  intensity  in  the  SF  at  Q  ss  1.0  nm~’  therefore 
imply  that  there  is  no  significant  ferromagnetic  order  in  this  sample  at  =  14  Oe.  The  large 
peak  in  the  SF  at  Q  n  0.5  nm~*  indicates  the  presence  of  antiferromagnetic  structure;  adjacent 
iron  layers  possess  oppositely  aligned  moments,  thereby  doubling  the  unit  cell  size.  A  similar 
feature  is  visible  in  the  NSF  data.  Preliminary  analysis  indicates  that  85%  of  the  sample  resides 
in  the  spin-flop  s^ate,  with  the  remainder  of  the  intensity  (15%)  being  caused  by  AF  domains 
aligned  parallel  to  j7. 

NON-COLLINEAR  STRUCTURE 

Deviations  from  the  pure  antiferromagnetic  structure  discussed  above  produce  clear  features 
in  both  MOKE  and  neutron  reflectivity.  In  Fig.  2b  is  shown  the  MOKE  loop  from  a  sample  of 
composition  [1.2  nm  Cr/5.5  nm  Fe]$,  grown  at  523  K.  The  MOKE  curve  bears  the  characteristic 
signs  of  biquadratic  coupling:  remanent  magnetization  of  about  half  the  saturation  value  followed 
by  a  gradual  saturation  as  the  spins  are  polled  into  alignment  with  the  field.  The  coexistence 
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Figure  3:  Neutron  reflectivity  from  aimple  antiferromegnet  (compoiition  [0.9  nm  Cr/5.5  nm  Fejs) 
in  14  Oe  applied  field.  The  non-spin-flip  (NSP)  cross  sections,  (++)  and  ( — ),  exhibit  the  same 
intensity  at  the  chemical  first-order  superlattice  peak  [Q  s  2x/(6.4  nm)  ns  1.0  nm~’]  and  at 
the  total-reflection  wavevector  {Q  ns  0.2  nm~*)  and  therefore  show  no  evidence  of  ferromagnetic 
order.  The  spin-flip  (SF)  cross  sections  (It)  have  a  large  peak  at  Q  ss  0.5  nm*'  corresponding 
to  the  doubled  antifenomagnetic  unit  cell.  The  SF  data  has  been  offset  by  10'*  and  it  plotted 
against  the  scale  on  the  right  axis. 

of  ferromagnetic  and  antiferromagnetic  features  characteristic  of  biquadratic  coupling  it  clearly 
teen  in  the  neutron  reflectivity  data  (Fig.  4).  The  NSF  cross  sections  show  the  prtmonnced 
splitting  at  both  the  total-reflection  wavevector  and  first-order  superlattice  peak  characteristic 
of  ferromagnetic  order,  while  the  SF  cross  sections  exhibit  strong  half-order  intensity.  This 
observation  of  ferromagnetic  order  parallel  to  S  (NSF)  and  antiferromagnetic  order  perpendicular 
to  it  (SF)  qualitatively  agrees  with  a  90°  coupling  angle.  We  have  eliminated  the  possibility  that 
the  scattering  is  caused  by  a  coexistence  of  ferromagnetic  and  antiferromagnetic  domains  by 
observing  a  qualitative  rotational  invariance  of  the  reflectivities  in  a  14  Oe  field  (less  than  the 
40  Oe  coercive  field).  If  ferromagnetic  domains  were  present,  upon  lotatlOK  of  the  film  about 
its  normal  (z)  we  would  have  observed  a  peak  in  the  SF  intensity  at  Q  »  1.0  nm*'.  Our  initial 
quantitative  analysis  of  the  film  reproduces  the  features  but  not  the  intensities  of  the  data.  We 
believe  this  discrepancy  to  be  related  to  the  larger  amount  cff  disorder  observed  in  the  biquadratic 
relative  to  the  bilinear  film  and  are  attempting  to  model  this  structure. 


CONCLUSION 

We  have  shown  how  the  depth-averaged  information  available  in  a  MOKE  measurement  can  be 
resolved  by  the  use  of  polarized  neutron  diffraction  into  microscopic  structure  and  have  identified 
characteristic  features  of  such  data.  The  neutron  data  can  be  analyzed  quantitatively  to  yield 
the  depth  profile  of  the  magnetization  and  the  population  of  different  domains  (see  [25]  for  an 
example).  By  making  use  of  the  sensitivity  of  polarized  neutrons  to  the  orientation  and  magnitude 
of  in-plane  magnetic  moments,  we  have  for  the  first  time  demonstrated  the  abilitiy  to  observe 
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^gure  4:  Neutron  reflectivity  from  biqnadratically  coupled  eunple  (compoeition  [1.2  nm  Cr/5.5 
im  Fe]s)  in  300  Oc  appUed  field.  The  non-apin-flip  (NSF)  croea  aectiona,  (++)  and  ( — ), 
'early  differ  for  all  Q,  indicating  a  net  moment  along  the  NSF  axia.  The  apin-flip  (SF)  croea 
aectiona  (±^),  retain  the  strong  half-order  peak  at  Q  is  0.5  nm~’  correaponding  to  the  doubled 
antiferromagnetic  unit  cell.  The  SF  data  haa  been  oifaet  by  10~*  and  ia  plotted  againat  the  acale 
on  the  right  axia. 

non-coUinear  magnetization  profilea.  A  combined  neutron,  x-ray,  and  MOKE  study  of  the  effect 
of  the  structural  properties  and  growth  temperature  on  the  coupling  behavior  as  a  function  of  Cr 
thickness  is  underway. 
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ABSTRACT 


Indirect  magnetic  coupling  in  sputtered  Nl/Ag  multilayers  has  been 
recently  studied  by  magnetization  and  magnetoresistance  techniques.  These 
experiments  Indicate  that  coupling  Is  anti ferromagnetic  through  11  and 
30  A  of  silver,  and  probably  ferromagnetic  through  20  A.  Ue  present  here 
direct  evidence  for  such  a  magnetic  coupling  for  all  three  thicknesses,  as 
obtained  from  low  angle  neutron  scattering  experiments.  Multilayers  in 
which  the  Ag  layer  thickness  Is  either  11  or  30  A  both  exhibit  a  supple¬ 
mentary  diffraction  peak  at  a  q  value  corresponding  to  twice  the  chemical 
period.  Its  evolution  with  both  temperature  and  applied  field  confirms  its 
purely  magnetic  origin.  In  order  to  study  the  coupling  through  20  A  of 
silver,  we  prepared  a  multilayer  In  which  the  Ag  layers  are  alternately  11 
and  20  A  thick.  In  this  case,  we  also  observe  a  doubling  of  the  chemical 
period.  The  coupling  through  12  A  being  »nti ferromagnetic,  this  unambi¬ 
guously  shows  that  the  coupling  through  20  A  Is  ferromagnetic. 


INTRODUCTION 


Anti  ferromagnetic  coupling  betwetin  ferromagnetic  layers  through  non 
magnetic  ones  has  first  been  observed  In  Fe/Cr  multilayers  by  Grunberg  et 
a1.  [1].  It  was  shown  later  that  in  fact  such  a  coupling  was  an  oscilla¬ 
tory  function  of  the  thickness  of  the  non-magnetic  layer  [2],  and  this 
effect  has  been  now  evidenced  In  a  large  number  of  Fe-,  Co-  and  N1 -based 
multilayers  [2-4]. 

A  lot  of  techniques  can  indirectly  provide  information  on  the  magne¬ 
tic  structure  of  such  systems  but  neutron  scattering  is  the  natural  tool 
for  the  Investigation  of  long  range  magnetic  order  in  magnetic  materials. 
Information  on  the  magnetic  structure  In  zero  field  as  well  as  its  field 
and  temperature  dependences  can  be  easily  obtained  and  in  most  cases  this 
information  can  be  Interpreted  quite  directly.  This  technique  has  ^en 
used  to  detect  anti  ferromagnetic  coupling  In  different  multilayered  sys¬ 
tems  [5-10]. 

Ue  present  here  neutron  scattering  results  obtained  on  Nl/Ag  multi¬ 
layers  with  different  thicknesses  of  the  Ag  layers.  These  results  confirm 
our  previous  magnetization  and  magnetoresistance  studies  [4,11]  concerning 
the  oscillatory  behaviour  of  the  Indirect  coupling  between  Ni  layers.  The 
coupling  through  11  and  30  A  of  silver  Is  found  to  be  anti  ferromagnetic, 
whereas  coupling  through  20  A  of  silver  Is  found  to  be  ferromagnetic,  as 
deduced  from  the  neutron  results  obtained  on  a  sample  made  of  silver 
layers  alternately  11  and  20  A  thick. 
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EXPERIMENTAL  SECTION 


The  samples  were  prepared  by  dc  sputtering,  depositing  sequentially 
Ag  and  N1  layers  onto  glass  substrates  kept  at  a  temperature  of  100  K,  up 
to  a  total  thickness  of  O.S  iim.  The  quality  of  the  samples  was  checked  by 
low  angle  X  ray  diffraction  using  Co  wavelength.  The  neutron  experiments 
were  carried  out  both  on  G43  Instrument  at  Laboratoire  Ldon  Brillouin  In 
Saday  and  on  DN3  Instrument  at  Sllod  In  CEN  Grenoble.  The  magnetization 
curves  were  measured  using  a  SQUID  magnetometer.  In  a11  these  experiments 
the  magnetic  field  was  applied  parallel  to  the  plane  of  the  layers. 


ANT I FERROMAGNETIC  COUPLING 


Recent  studies  of  Ag/NI  multilayers  have  shown  the  existence  of 
anti  ferromagnetic  (AF)  coupling  between  the  N1  layers  through  the  Ag  ones 
[4,10],  Related  giant  magnetoresistance  (MR)  effects  have  also  been  seen, 
the  MR  amplitude  oscillating  as  a  function  of  the  Ag  thickness  with  maxima 
in  the  regions  of  AF  coupling  [11]. 

A  description  of  this  system  has  been  proposed  from  magnetization 
experiments  and  non  polarized  neutron  scattering  experiments.  This  system 
appears  to  behave  as  a  classical  antiferromagnet  with  small  anisotropy. 
Under  small  applied  field  the  magnetizations  of  adjacent  nickel  layers  (ie 
of  the  two  sublattices)  are  oriented  antiparallel  to  each  other  and 
perpendicular  to  the  field.  When  the  magnetic  field  increases,  the  angle 
26  between  the  magnetizations  decreases.  The  net  magnetization  is  propor¬ 
tional  to  cos  6  and  Increases  linearly  with  the  applied  field  up  to  the 
saturation  field  at  which  cos  6  ■  1.  Above  H,  the  magnetization  Is 
nearly  constant. 

These  results  have  been  recently  confirmed  by  polarized  neutron 
scattering  experiments  [12].  The  expected  polarized  neutron  intensities 
defined  with  respect  to  the  two  polarization  states  (+  and  -)  before  and 
after  scattering  at  the  sample  (1**  and  I”  at  a  scattering  vector  q,  • 
2VA,  where  A  is  the  period  of  the  multilayer,  and  T"  at  a  scattering 
vector  q,/2*  q,/2)  have  been  found  to  vary  with  the  applied  field  accor¬ 
ding  to  tne  above  model  above  an  anisotropy  field  of  about  400  Oe.  The 
value  of  the  magnetic  moment  of  the  nickel  atoms  obtained  from  these 
experiments  has  been  found  to  be  equal  to  0.48  pt  at  low  temperature,  in 
very  good  agreement  with  the  value  extracted  from  magnetization  measure¬ 
ments  on  samples  with  similar  Ni  layer  thicknesses  [13]. 
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Figure  1:  Magnetic  structure  in  the 
case  of  alternating  ferromagnetic 
and  antiferromagnetic  couplings. 
The  magnetic  periodicity  \  is 
thrice  the  chemical  one. 
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Non  polarized  neutron  experiaents  were  also  performed  on  a  saiN)1e 
with  Ag  layers  29  A  thick.  Anti  ferromagnetic  coupling  was  confirmed  for 
such  a  thickness  by  the  observation  of  a  magnetic  period  twice  the  chemi¬ 
cal  one  at  low  temperature.  Accordingly,  the  intensity  of  the  superstruc¬ 
ture  peak  was  found  to  decrease  with  increasing  temperature,  leading  to  a 
transition  temperature  slightly  above  room  teo^jerature. 


FERRONAGNETIC  COUPLING 


In  the  Fe-,  Co-  or  Ni-based  multilayers  mentioned  above,  the  coupling 
varies  in  strength  and  sign  with  the  thickness  of  the  spacer  layer,  and 
thus  becomes  ferromagnetic  for  specific  thicknesses.  Ferromagnetic  coup¬ 
ling  between  NiCo  layers  through  Ru  ones  has  been  studied  by  Parkin  and 
Mauri  [M],  using  spin  engineered  structures  where  one  of  the  NiCo  layers 
is  strongly  antiferromagnetically  coupled  to  a  Co  one.  If  the  coupling 
between  the  NiCo  layers  is  ferromagnetic,  the  magnetizations  of  these 
layers  are  thus  both  antiparallel  to  the  field  in  small  applied  field,  up 
to  a  critical  field  characteristic  of  the  ferromagnetic  coupling,  at  which 
the  free  NiCo  layer  rotates  towards  the  direction  of  the  field. 

In  neutron  scattering,  such  a  coupling  is  often  difficult  to  evidence 
since  it  does  not  lead  to  any  extra  scattering  peak  because  of  the  iden¬ 
tical  chemical  and  magnetic  periodicities.  It  can  be  checked  from  the 
difference  between  I**  and  I"  intensities  but,  since  it  is  necessary  to 
apply  an  external  field  to  align  the  domains,  the  possibility  of  no  coup¬ 
ling  in  zero  field  (or  even  weak  anti ferromagnetic  coupling  overcome  by 
the  field)  cannot  be  eliminated.  With  the  same  restrictions,  one  can  also 
measure  the  and  critical  scattering  vectors  of  total  reflection. 
Their  relative  positions  are  related  to  the  difference  between  the  average 
potentials  experienced  by  the  -f  and  -  neutrons  (9).  Another  possibility 
is,  provided  the  magnetic  ordering  temperature  is  not  too  high,  to  deduce 
the  ferromagnetic  contribution  from  the  difference  in  intensities  of  the 
chemical  Bragg  peak  below  and  above  T  . 

A  more  straightforward  possibility  is  to  prepare  a  sample  in  which, 
keeping  the  thickness  of  the  magnetic  layers  constant,  one  alternates  the 
thicknesses  of  the  spacer  layer,  one  leading  to  anti  ferromagnetic  coupling 
and  the  other  one  to  the  supposed  ferromagnetic  coupling  [15].  Thus,  if 
the  coupling  is  really  ferromagnetic,  one  has  in  zero  field  the  spin 
configuration  depicted  in  Figure  1.  As  was  the  case  for  purely  anti  ferro¬ 
magnetic  structures,  the  magnetic  unit  cell  is  again  twice  the  chemical 
one  and  supplementary  diffraction  peaks  will  be  observed. 

Figure  2  presents  the  unpolarized  neutron  scattering  curve  measured 
at  SO  K  on  a  sample  made  of  100  repeat  units  of  the  form  (11. 4A  Ag  /  9A  Ni 
/  22. 8A  Ag/  9A  Ni).  Peaks  labelled  1  and  2  at  scattering  vectors  of  0.12 
and  0.24  A~^  correspond  to  the  chemical  periodicity  of  52.2  A,  in  agree¬ 
ment  with  X  ray  experiments  performed  on  the  same  sample  at  room  tempera¬ 
ture.  The  two  other  diffraction  peaks  1/2  and  3/2,  which  were  absent  in 
the  X  ray  diagram,  were  also  observed  by  neutron  scattering  at  room  tempe¬ 
rature,  but  with  a  much  smaller  intensity.  These  extra  peaks,  of  magnetic 
origin,  correspond  to  a  period  twice  the  chemical  one.  This  unambiguously 
shows  that  the  coupling  through  23  A  of  silver  is  ferromagnetic,  since 
anti  ferromagnetic  coupling  would  lead  to  a  magnetic  period  equal  to  the 
chemical  one  (with  magnetic  peaks  at  the  same  positions  as  the  nuclear 
ones).  The  possibility  of  zero  coupling  can  also  be  disregarded  since  in 
this  case  the  absence  of  long  range  magnetic  coherence  would  also  lead  to 
the  absence  of  such  extra  peaks.  Finally,  the  width  of  the  magnetic  peaks 
is  comparable  to  the  width  of  the  nuclear  ones,  indicating  comparable 
magnetic  and  structural  coherence  lengths. 
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Figure  2:  Neutron  sattering  pat¬ 
tern  at  SO  K  of  a  (11. 4A  Ag  /  9A 
Hi  /  ZZ.SA  Ag  /  9A  Hi)  multilayer. 
The  peaks  labelled  1  and  Z  arise 
from  the  chemical  periodicity. 


Figure  3  gives  the  temperature  variation  of  the  integrated  intensity 
of  the  first  order  magnetic  peak.  This  intensity  progressively  decreases 
with  increasing  temperature,  and  falls  to  zero  at  about  320  K.  Such  a 
variation  well  agrees  with  the  thermal  evolution  of  the  spontaneous 
magnetization.  Figure  4  compares  the  field  dependences  at  100  K  of  both 
the  intensity  of  the  second  magnetic  peak  and  the  magnetization.  Since  the 
magnetization  is  linked  to  the  angle  e  between  magnetic  moments  and 
magnetic  field  through  M  •  cos  8  and  since  the  intensity  of  the  mag¬ 
netic  peak  is  related  to  this  same  angle  through  I  •  I,,  sin^  e,  both  quan¬ 
tities  M/Mj  and  (1  -  must  lead  to  identical  field  dependences. 
The  results  presented  in  Fig.  4  agree  with  such  a  picture.  The  saturation 
field  is  about  800  Oe,  that  is  smaller  by  a  factor  of  about  2  than  the  one 
measured  in  purely  anti  ferromagnetic  samples  [4].  This  is  easily  explained 
by  the  fact  that  the  two  ferromagnetically  coupled  layers  behave  as  just 
one  layer  under  field.  For  a  given  value  of  the  anti  ferromagnetic  coupling 
constant,  the  saturation  field  will  thus  be  twice  as  small  than  in  the 
case  of  a  purely  anti  ferromagnetic  system  since  the  equivalent  thickness 
of  the  magnetic  layer  is  twice  as  large. 


Figure  3:  Temperature  dependence 
of  the  integrated  intensity  of 
the  first  magnetic  diffraction 
peak  (normalized  to  that  of  the 
first  nuclear  peak).  The  line  is 
a  guide  to  the  eye. 
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Figure  4:  Compared  varia¬ 
tions  at  100  K  of  M/M^ 
(full  line)  and  (1-1/1^)^''^ 
(open  circles)  with  mag¬ 
netic  field.  I  is  the  in¬ 
tensity  of  the  second  mag¬ 
netic  diffraction  peak. 


CONCLUSION 


We  have  presented  in  this  paper  neutron  results  on  magnetically 
coupled  Ni/Ag  multilayers.  Anti  ferromagnetic  coupling  through  11  and  30  A 
of  silver  manifests  itself  by  the  appearance  of  extra  diffraction  peaks 
which  indicate  that  the  magnetic  period  is  twice  the  chemical  one,  as 
expected  for  antiferromagnetic  coupling.  The  coupling  through  20  A  of 
silver  is  characterized  in  samples  with  alternating  II  and  20  A  thick  Ag 
layers.  In  this  case  superstructure  neutron  magnetic  peaks  are  also 
observed.  This  unambiguously  shows  that  the  coupling  through  20  A  of 
silver  is  ferromagnetic. 
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ABSTRACT 

Antife'iToiuaguetically  collided  lCo^_^Re^  ^upcriattices  were  tlejiDsited  siiinil 
taiieously  onto  glass  and  Si  substrates,  with  an  intervening  Re  linffer  layer.  Samiiles 
grown  on  glass  show  sharper  interfaces  than  th<»se  grown  on  Si.  This  effect  reflects 
on  inagnetoresistauce.  magnerization,  Rutherford  backscatteiing.  and  hyi^ei-fiue  field 
results.  Tile  influence  of  the  Re  l)uffer  layer  t/ii  kuw'ss  and  aimealiiig  fem]>erature  on 
these  properties  is  discussed. 

I'liifixiducfion 

Oscillatory  eoupiiiig  aii<l  enhanced  magnet ojesisran<*<’  associat(’<l  with  aniiferro- 
luagiietically  coupled  Co-Rc*  .sni>erlattices  Inve  been  previously  described[l].  In  this 
paj>er  \v<*  discuss  in  detail  the  effect  of  substrate  preparatiiui.  Re  linffer  thickness,  and 
annealing,  on  the  inagiu’tic.  transport,  and  structural  jrroperth's  of  Th«*se  antiferromag- 
netically  couph'd  films.  The  superlattices  were  prepared  in  a  high-vacunm  sputtering 
system  witii  a  base  pressure  <»f  5x10”*^  Torr.  Co  wa.s  <lepo.sifed  by  RF  niagnerron  sput¬ 
tering  at  o  luTorr.  and  a  rate  of  1.2A/s.  Re  wa.s  depositetl  by  DC  magnetron  sputtiuing 
at  a  rate  of  0.S.4/.S  and  a  pressure  of  2.5  mTorr.  Film  thickness  was  monitored  in  situ 
by  {[uartz  crysrals  and  absolute  calibrations  \v<*re  made  by  profiloineter  and  Rntheiford 
backscatteriiig  analysis.  X-ray  analysis  of  our  first  superlattices  revi'aled  an  highly  te.. 
tured  growth  with  the  c-axis  p<*rp<'udicular  to  the  plant*  of  tlie  film  and  a  sui)<*rlattice 
ptTiodicify  inferred  frf>m  satellite  po.sitioning  within  5*X  of  that  expectt*d  from  nominal 
thicknesses(2].  The  suixnlaftice  structure  wa.-^  then  direct)}-  prt>bed  l>y  transmission 
electron  microscopy  (TEM)  analysis.  For  Co  thicknt'sses  less  than  2f)A  Iioth  X-Ra\ 
and  TE.M  iiidicate  a  -smalltT  grain  size,  when  coin]>ared  with  struct ures  with  thicker  Co 
layers.  Tin*  layers  remain  Uowev<*r  remarkably  continuous  over  <listauces  of  thousands 
of  .•\ugstroms.  The  value  of  the  Co  layer  moinoit.  measur<*d  witli  a  vibrating  sample 
magnetomeTer(\’SM).  ami  assuiniug  sharp  interfaces  does  not  deviate  by  more  than 
G'X  from  the  InilU  hej)  Co  moment.  \V<‘  us«’d  Corning  glass  TOoO  tir  Si[lllj  substrates. 
The  f)are  Si  wafers  were  taken  sfraiglit  fr<»ni  the  box  wiflj  onh'  <Ijt  niriogen  Id'nving  to 
leniove  particles,  or  w<*re  first  oxidize*!,  ami  tlu'ii  cheuheally  etchetl  with  tiu*  hillowing 
I>rore,s.s;H^SO,/HjOj  4  HF/HjO/diying. 

2-Exp*’riiu<‘utal  m<‘f  hod 

Samj)!*’  j)r<’paratiou  was  des<*nbe<l  in  th«*  pr<‘vious  chapter.  Magnc'tic  characteri¬ 
zation  iva.''  done  usijig  a  \  SM  with  a  r<'s*)lutiou  5x11.)”*’  <'iuu.  The  sul>strate  and 
sniupk*  holder  contribution*^  w<'i<»  n'lnovwl.  Traiis|M>rt  characterization  was  chme  by  a 
DC  four-probe  teclmi^iue.  Rutherford  !>ackscatteniig  aualy'^is  (RBS)  was  done  using 
a  inci<lent  grazing  aiigW'  g<*ometry.  with  a  l.G  M<‘v  He'*’  ix'aiu.  Tit*'  hi'iK’i-fiiK'  flf'ld  at 
implanted  '"In/'"Cd  i>robe.s(S0  KeVj  wer*‘  measured  by  the  Pertuibisl  .\ugul;u  Cor- 
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relatioji  techaique[3|(PAC).  A  coiiventioiial  four  BaF2  detectojs  set-up  with 

0.7  ns  time  resolution  was  used.  Some  samples  were  annealed  for  60  min  periods  under 
a  5xl0~®  Torr  vacuum  at  several  temperatures. 

3- Magnetization  measurements 

Magnetization  data  were  taken  on  (Re^^Co^^^lxu/Re  buffer/substrate  antiferro- 
magnetically  coupled  structures  with  variable  Re  buffer  thicknesses,  and  on  various 
substrate  tyijes  (Figs.la  and  lb).  Fig.lc  shows  the  remanence  dependence  on  Re 
buffer  thickness.  For  tlie  Mr/Ms  data  shown  in  Figs.lc  and  I  d  we  used  the  real  sat¬ 
uration  magnetization  obtained  in  measurements  up  to  lOkOe.  First,  notice  that  the 
absence  of  buffer  leads  to  non- zero  remanence  due  to  the  existence  of  contacts  between 
the  Co  layers,  for  all  types  of  substrates.  As  the  Re  buffer  layer  thickness  increases. 


H  (K0«)  H  (KOe) 


Fig.l-Magnetization  hysteresis  cycles  for  (Re^^Co^^>)xis/Re  buifer/substrate  anti- 
ferromagnetically  coupled  structures  with  a  Re  buffer  thickness  of  50A(Fig.la),  and  of 
200.\(Fig.lb).  Fig.lc  sununarizes  the  remanence  data  versus  Re  buffer  thickness  for 
all  substrates.  Fig.  Id  shows  remanence  data  versus  annealing  temperature. 
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the  topography  of  the  buffer  surfaee  is  smoothed  out.  A  50.4  Re  buffer  is  sufficient 
to  enable  the  SA  Re  intermediate  layer  to  be  continuous  and  effectively  separate  the 
two  Co  layers  for  a  sample  on  glass.  A  perfect  antiferromagnetic  hysteresis  cycle  re¬ 
sults,  with  very  small  remanence  and  a  linear  field  dependence  near  the  origin  (see 
hysteresis  cycle  for  the  sample  deposited  on  glass,  Fig.la).  The  substrate  effect  is  seen 
in  more  detail  in  Fig.la  and  Fig.lb  where  we  show  results  for  superlattices  deposited 
on  a  50.4  or  200.4  Re  buffers  respectively.  Samples  deposited  on  Si  etched  in  our 
lab,show  higher  remanence  and  a  broken  hysteresis  cycle,  when  compared  with  those 
deposited  on  glass.  This  can  be  caused  by  relevant  surface  topography  (steps  with 
heights  comparable  with  the  Re  layer  thickness)  such  that  the  5.4  Re  layer  cannot  ef¬ 
fectively  cover  the  steps  without  breaking  continuity.  Contact  between  Co  layers  then 
occurs  leading  to  fenomagnetic  coupling  regions  and  increase  in  remanence.  For  200A 
thick  buffers  (Fig.lb),  the  film  deposited  on  etched  Si  has  a  hysteresis  cycle  similar 
to  that  deposited  on  glass  with  a  50A  buffer  layer.  This  means  that  substrate  surface 
corrugation  has  been  planarized  with  the  thick  buffer  layer.  If  we  start  with  the  flatter 
glass  substrate  an  interesting  development  occurs.  The  observed  tyjre  of  hysteresis 
cycle  can  be  simulated  either  with  introduction  of  in-plane  anisotropy  or  bitpiadratic 
exchange.  VSM  measurements  rule  out  iu-plane  anisotropy  but  domain  olrservation  is 
needed  before  bicpiadratic  exchange  can  be  proved.  Notice  however  that  bicpiadratic 
coupling  increases  with  tenace  size,  that  should  be  larger  in  this  sample  than  on  the 
sample  deposited  on  the  thinner  Re  buffer.  We  also  found  that  we  need  a  top  Re  cap 
layer  to  avoid  oxidation  of  the  last  Co  layer.  When  the  Re  cap  is  abseni.  non-zero 
remanence  reappears.  A  CoO  layer  is  formed  at  the  surface  which  is  antiferromagnetic 
with  a  Neel  temperature  close  to  room  teniperatvure.  Short-range  exchange  coupling 
could  then  be  responsible  for  the  non-zero  remanence.  An  annealing  study  done  on 
all  these  samples  shows  a  strong  increase  in  remanence  for  annealing  temperatmes 


Fig.2-Magnetoresistance  and  resistivity  data  for  (Re^^Co^^  Oxis/Re  buffer/substrate 
antiferromagnetically  coupled  structures.  Fig.2d  shows  the  kfect  of  1  hour  annealings 
under  vacuum  at  different  temperatures. 
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above  650K.  These  data  are  essentially  iiideijeudent  of  the  type  of  substrate.  This  is 
associated  with  the  star  t  of  chemical  diffusion  which  to  first  order  is  independent  on 
surface  topography. 

4-Magnetoresistance  measurements 

Figs.2a-c  show  magiietoresistance  (Ap/p)  and  resistivity  (p)  data  for  (Re^^Co^^^) 
xis/Re  buffer/substrate  structures.  For  these  samples  the  anisotropic  contribution  to 
the  magnetoresistance  is  an  order  of  magnitude  smaller  than  the  spin- valve  effect.  For 
relatively  thick  buffers,  the  MR  is  50-60%  higher  on  samples  deposited  on  glass  than  on 
etched  Si.  Since  for  thick  buffers  the  resistivities  of  these  samples  are  independent  of 
substrate  type,  this  means  that  Ap  itself  is  dependent  on  substrate  nature.  Comparison 
with  magnetization  data  shows  that  samples  with  lower  remanence  show  higher  .MR, 
and  this  is  correlated  with  flatter  interfaces  (see  Fig.3).  For  buffer  thicknesses  less 
than  50.4  both  the  resistivity  and  Ap  are  substrate  dependent.  The  MR  is  found  to 
increase  by  60%'  when  the  buffer  thickness  increases  up  to  50.4.  This  corresponds  to  a 
decrea.se  in  the  total  film  resistivity,  and  an  increase  of  Ap.  The  Ap  increase  arises  due 
to  improved  continuity  of  the  5.4  Re  spacer,  as  evidenced  by  the  observed  decrease  in 
remanence  value.  Fig. 2d  shows  the  effect  of  annealiirg  at  different  temperatures.  Two 
regimes  are  observed.  \  slight  improvement  in  the  MR  value  is  oljserved  for  annealing 
temperatures  between  350K  and  550K,  while  a  decrease  in  MR  is  observed  for  higher 
annealing  temperatures.  The  latter  is  caused  by  strong  chemical  interdiffusion  as 
was  already  observed  for  the  magnetization  data.  The  former  comes  from  resistivity 
decrease  upon  anneaUng  since  Ap  and  remanence  are  essentially  constant  for  this  range 
of  annealing  temperatures.  The  MR  value  is  foimd  to  vary  linearly  with  the  remanence. 
This  is  evidenced  in  Fig.3  where  we  plotted  MR  versus  remanence  for  ail  sanijtles 
used  in  this  study  with  all  substrate  tyjjes  and  annealing  treatments  up  to  575K.  The 
arrows  indicate  annealing  steps.  For  buffers  thinner  than  50.4  the  annealing  affects 
both  remanence  and  MR  valuesfoblique  arrows).  For  thick  bttffers.  tin*  lemanence 
remains  es.scntially  the  same  while 
the  MR  increases( vertical  arrows). 


Fig.3-  Plot  of  MR  versus 
remanence  for  all  samples  mea¬ 
sured,  including  annealed  sam¬ 
ples  (arrows).  The  general 
trend  is  the  increase  of  MR 
value  with  decreasing  rema¬ 
nence. 
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5-Rutherfoi<l  baoksiatteiiug  results 


Since  our  previous  results  have  shown  a  strong  deitendence  of  the  magnetic  and 
transport  proi)erties  on  buffer  thickness  and  type  of  substrate  we  decided  to  study 
the  substrate/Re  and  Re/Co  interfaces  by  Rutherford  backseat terirrg  at  a  8“  grazitrg 
arrgle  geortretry.  Fig. 4a  shows  RBS  data  arrtl  Fig.fb  the  deduced  profile  for 
substrate  structiues  orr  glass  and  etched  Si  sirbstrates.  From  the  tlrwuetical  simulations 
[3]  orre  corrcludes  that  the  glass/Re  irrterface  is  cherrrically  sharp  (  less  thart  5.4  thick  ) 
while  a  10-15.4  thick  irrterdiffusiorr  layer  is  forrrrd  at  the  Si/Re  irtterface.  For  the  film 
deixrsited  orr  Si.  the  sirmrlatiorr  iirdicates  a  Re/Co  iirtetface  S-12  .4  thick,  while  for 
the  film  depirsited  on  gla.ss.  nrixiirg  seerrrs  tr>  ocerrr  at  1-2  monolayer  level.  However. 
RBS  is  trot  serrsitive  to  the  differetree  betweetr  a  sttrface  topography  corrstitrrted  of 
sfeiJs  with  an  average  height  of  10.4(about  4  trrotrolayers)  or  to  chemical  diffitsiotr  over 
this  range.  Our  absolute  niagrretization  data,  on  the  other  hand,  clearly  indicates 


Fig.4-  RBS  data(a)  and  deduced  profiles{b)  for  tvro  Co  •Re  •/  substrate  struc- 
tures  on  glass  and  Si.  Notice  the  sharper  substrate/Re  and  Re/Co  interfaces  for  struc¬ 
tures  deposited  on  glass  when  compared  with  those  deposited  Si.  Fig. 4c  shows  RBS 
data  for  a  (^j^Co^^^lxts/Re  btrffer/substrate  structure  on  glass  and  Si  substrates. 


that  such  air  aniouirt  of  chemical  diffusioir  is  not  present.  The  conclusion  is  that 
sttrface  topography  exists  and  is  more  relevant  than  eventual  chemical  diffusion.  Fig.4c 
shows  RBS  data  for  (Re^  "Co^.^lxi.i/Re  buffer/substrate  structures.  The  grazing  angle 
geometry  has  enough  resolution  to  see  the  first  4  Re  layers.  We  observe  that  the 
superlattice  modulation  is  better  observed  in  the  film  deirosited  on  glass  than  that 
deposited  on  Si.  From  the  theoretical  simulations  one  obtains  a  Re/Co  interface  7-12A 
thick  for  the  film  deposited  on  Si,  and  a  sharp  interface  for  that  deposited  on  glass(less 
than  2ML). 

6-Perturbed  angular  correlation  measurements 

The  perturbed  angular  correlation  technique  was  used  to  measure  the  local  hyper- 
fine  fields  at  the  Co  layers.  Fig. 5a  compares  the  Fourier  transform  of  PAC  data  for  two 
substrate  structures  on  glass  and  Si.  The  main  difference  in  the  results 
is  the  stacking  fault  content,  wlrich  is  two  times  higher  in  the  film  deposited  on  Si  than 
that  deposited  on  glass.  Fig.Sb  compares  the  measured  hyperfine  fields  in  a  thick  hep 
Co  film(l),  a  (Co  «Re  "Ixs/Rc/glass  superlattice(2),  and  a  (Co  _*Re  •)xi5/Re/glass 
structure(3).  While  the  first  two  films  have  quite  well  defined  hyperfine  fields  corre¬ 
sponding  to  the  expected  values  for  hep  Co,  the  17A  thick  Co  layers  in  our  Co-Re 
superlattices  show  a  rather  broad  field  distribution  centered  at  the  expected  hep  Co 
value  for  such  a  thin  film.  This  broad  distribution  reflects  that  a  large  percentage  of 


the  In  probe  atonrs  do  no»  feel  the  hep  Co  euviroiiemeiit ,  but  rather  defect  and  inter¬ 
face  contributions.  This  s;uue  distribution  also  occurs  for  films  depo.sited  on  Si,  but 
now  centered  at  a  lower  fieli!  value! see  inset,  Fig.Sb).  The  hyperfine  fields  obtainerl  in 
these  superlattices  were  then  compared  to  those  measured  in  thin  Co  films  [3]  (inset, 

Fig.Sb). 


200  400  600 


CJ  (Mrad/s) 

Fig.5a-P.4C  results  for  two  Co  ’Re  ^  structures  on  glass!  G )  and  Si(S )  substrates- 
SF  denotes  stacking  fault  fractio^'*In  f?g.5b  we  compare  hyperfine  fields  for  a  thick 
Co  filni!l),  and  two  Co-Re  superlattices  with  Co  layers  50A(2)  and  171(3)  thick,  re¬ 
spectively,  In  the  inset  we  comjrare  the  hyperfine  fields  for  the  superlattices  with  17.4 
thick  Co  layers  deposited  on  Si  and  glass  substrates(S  and  G).  with  data  foi  Co  films 
with  variable  thickness  deposited  on  Si  (open  triangles). 


7- Discussion  and  conclusions 

We  correlated  magnetic  ,  transport,  and  structural  properties  of  Co  Re  superlattices 
deposited  on  glass  and  Si  substrates.  It  is  found  that  the  interface  topography  rather 
than  chemical  interdiffusion  is  responsible  for  the  observed  changes  in  magnetization 
and  magnetoresistance  values.  Larger  MR  values  and  low'er  remanences  are  observed 
for  samples  deposited  on  glass  that  evidence  flatter  interfaces. 

We  thank  S. Molina  and  R.Garcia  for  preliminary  TEM  work,  J.L.L.  and  N.P.B.  ac¬ 
knowledge  JNICT  grants  under  Programa  Ciencia.  P.P.F  aknowledges  JNICT  support 
under  grant  514/MPF/90. 
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ABSTRACT 

The  role  of  interfacial  exchange  coupling  in  the  magnetic  behavior  of  metal  oxide  mateuals  has 
been  investigated  through  the  study  of  FejOs/NiO  superlattices.  We  report  results  on  a  series  of 
superlattices  grown  where  one  bilayer  constituent  was  held  to  a  fixed  thickness  while  varying  the 
other  from  single  unit  cell  dimensions  upward.  High  crystalline  quality  was  confirmed  by  XRD, 
RHEED  and  neutron  diffraction.  Magnetisation  profiles  show  substantial  deviations  from  bulk¬ 
like  iron  oxide  results,  with  an  increase  in  domain  rotation  energies  observed  in  the  superlattices 
over  that  of  bulk  iron  oxide  (increasing  with  NiO  layer  thickness)  indicating  the  strong  nature  of 
FeiOs/N'O  interfacial  linkage.  Neutron  scattering  at  elevated  temperatures  shows  that  the  NiO 
remains  ordered  above  the  523  K  bulk  Neel  temperature.  This  suggests  that  at  least  a  portion 
of  the  NiO  within  a  layer  remains  ordered  well  above  the  Neel  temperature,  with  an  increase  in 
effective  Neel  transition  temperature  that  approaches  the  FesOs  Curie  temperature  in  the  linut  of 
very  thin  NiO  layers.  Although  the  exchange  coupling  dominates  these  effects,  strain  also  plays 
an  important  role. 


INTRODUCTION 

Following  the  pioneering  work  of  Y.  Bando  and  coworkers|l],  there  has  been  recent  significant 
progress  in  applying  advanced  crystal  growth  techniques,  such  as  reactive  sputtering  and  MBE 
to  the  growth  of  thin  films  and  superlattices  of  metal  oxide  materialB[2l[3).  These  researchers  all 
report,  for  various  combinations  of  the  oxides  FeaOs,  NiO,  and  CoO  in  superlattice  form,  novel 
magnetic  effects  which  are  indicative  of  the  strong  interfacial  exchange  coupling  that  is  expected 
for  these  strongly  ordered  local  moment  systems. 

We  report  here  progress  in  the  investigation  of  the  FesOs/NiO  superlattice  system,  which  has 
previously  shown  novel  linear  magnetization  in  short  period  5uperlattice8(4l,  enhanced  NiO  high 
temperature  ordering  (5),  and  highly  anisotropic  electron  transportlb).  By  combining  results  from 
XRD,  SQUID  magnetometry,  and  neutron  scattering,  we  can  begin  to  link  the  magnetic  behavior 
in  this  system  to  the  particular  structural  ordering  present. 


GROWTH  AND  STRUCTURAL  CHARACTERIZATION 

All  of  the  superlattices  discussed  here  were  grown  in  an  oxygen  plasma-assisted  molecular 
beam  epitaxy  facility  at  Florida  State  University.  Significant  details  of  our  growth  procedures  have 
been  pubBshed  elsewhere  13][7],  so  here  we  will  only  briefly  review  our  techniques.  The  superlattice 
constituents  are  both  cubic,  with  the  NiO  sharing  the  rocksalt  structure  of  the  substrate  MgO, 
with  a  slightly  smaller  unit  cell  (4. 177 A  versus  4.212 A,  or  a  0.8%  lattice  mismatch).  FesOs 
exists  in  the  spinel  structure  (unit  cell  8.394  A)  with  an  oxygen  sublattice  which  is  about  midway 
between  that  of  NiO  and  MgO.  (Therefore  each  film  constituent  must  stretch  in-plane  to  match 
the  MgO  substrate  lattice).  The  closeness  of  the  lattice  parameters  allows  us  to  grow  single 
crystal  superlattices  with  each  layer  maintaining  its  fundamental  structure,  except  for  a  tetragonal 
distortion  due  to  each  layer’s  mismatch  with  the  underlying  lattice. 
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Atomic  metal  fluxei  were  evaporated  from  high  purity  iron  and  nickel  in  e~-gun  sources 
(alternately  shuttered)  and  combined  with  oxygen  at  the  sample  surface  emitted  from  an  electron 
cyclotron  resonance  plasma  source  (which  provided  a  mixture  of  O  and  O'*’  favoring  the  latter). 
Background  pressures  in  the  vacuum  system  were  typically  ~10~*  Torr,  and  during  growth  oxygen 
pressure  was'  held  to  ~6xl0~‘  Torr.  Substrates  of  high  quality  polished  MgO(OOl)  were  held  at 
a  temperature  ~520K,  and  the  subsequently  grown  films  ranged  in  thickness  from  1000  A  to  4 
microns,  with  1  micron  typical.  The  substrates  were  approximately  0.2-0. 3  mm  thick  to  minimise 
the  diamagnetic  signal  from  the  substrate.  During  sample  growth  the  surface  of  the  films  were 
monitored  by  tn-nfu  RHEED,  and  we  observed  the  expected  alternation  in  lattice  rods  as  the 
layers  changed  due  to  the  doubled  periodicity  of  the  FeaOs  unit  cell. 

After  growth,  we  performed  characterisation  of  all  of  our  samples  by  both  low  and  mid  angle 
XRD.  A  representative  series  of  low  angle  scans  is  presented  in  Figure  1,  for  a  series  of  films 
where  the  iron  oxide  thickness  was  held  constant  at  a  nominal  68  A.  The  very  high  quality  of  the 
films  is  evidenced  by  the  large  number  of  diffraction  peaks  present  for  each  film.  In  addition,  the 
widths  of  the  lines  of  higher  order  tend  to  increase,  which  is  often  an  indication  of  step  disorder 
caused  by  the  incomplete  termination  of  an  individual  layer  |8). 
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Figure  1:  Low  angle  XRD  results  for  a  selection  of  superlattices  with  the  iron  oxide  thickness 
held  to  a  nominal  68  A,  and  various  nickel  oxide  thicknesses  within  a  single  bilayer. 


Measured  lattice  parameters  in  the  growth  (001)  direction  show  a  contraction  from  the  bulk 
values,  which  is  expected  from  the  epitaxial  stretching  of  the  film  atoms  to  align  with  the  previous 
layer.  This  change,  typically  0.5  %,  is  largest  for  those  superlattices  with  small  bilayet  thicknesses, 
where  it  can  approach  1  %.  For  a  few  of  our  samples,  we  have  directly  verified  that  the  iron  oxide 
layers  align  epitaxially  in  plane  with  the  substrates  by  making  XRD  r  .easurements  in  a  direction 
different  from  the  growth  direction  (t.e.  typically  using  the  |026j  and  |066]  reflections)  [9]. 

For  some  of  our  films,  in  particular  those  with  short  bilayer  thicknesses  (less  than  80  A),  we 
have  often  seen  cracks  appearing  in  the  film  in  (100)  directions  only,  breaking  the  film  into  large 
('-^lOOp)  rectangular  regions.  These  cracks  are  more  dense  near  the  film/substrate  interface,  and 
the  regions  between  the  cracks  have  no  visible  structure  using  SEM  characterization  at  a  resolution 
to  40  A.  We  believe  that  this  is  a  mechanism  by  which  the  films  relieve  strain,  and  provides  extra 
evidence  of  kne  single  crystal  nature  of  our  films,  as  well  as  the  high  degree  of  crystalline  strain 
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present  due  to  the  tetragonal  diatortion  preeent  with  nonmatched  epitaxial  growth.  This  is  in 
accord  with  the  general  observation  that  larger  strain  accompanies  shorter  bilayer  thicknesses. 


MAGNETIZATION  PROFILE  MEASUREMENTS 

Previously  we  have  reported  on  the  magnetisation  of  a  series  of  Aims  grown  with  equal  con¬ 
stituent  thicknesses  within  each  bilayer,  and  total  bilayer  thicknesses  ranging  from  ~17A  to 
~3SoA  [4],  and  a  few  superlattices  with  iron  oxide  thicknesses  held  at  a  nominal  68A  [Sj.  For 
large  bilayer  thicknesses,  the  superlattices  show  magnetization  profiles  which  do  not  reach  satu¬ 
ration,  even  at  an  applied  field  of  S.S  Tesla,  and  which  show  a  decreased  magnetization  value  as 
the  bilayer  thickness  it  decreased.  If  the  bilayer  thickness  it  less  than  -^SOA,  we  find  a  linear  or 
nearly  Unear  behavior  with  little  or  no  hysteresis.  We  also  observe  little  difference  in  hysteresis 
profiles  as  a  function  of  sample  orientation,  which  it  primarily  due  to  shape  anisotropy  effects 
from  our  planar  samples. 

We  have  argued  that  this  behavior  it  directly  linked  to  very  strong  coupling  across  the 
FeaOs/NiO  interfaces,  as  well  as  to  the  large  tetragonal  strain  present  within  the  films|4j.  We 
know  the  individual  iron  oxide  and  nickel  oxide  layers  remain  ferrimagnetically  and  antiferromag- 
netically  ordered,  as  it  expected  in  local  moment  systems,  with  the  cross- boundary  coupUng  in  a 
direction  which  more  closely  aligns  with  the  nickel  oxide  spin  axis,  due  to  its  much  larger  bulk 
anisotropy  value  (~-7.0xl0~®ergt/cm’  for  NiO,  and  — 2.0xl0"®ergt/cm®  for  FesOs). 

Here  we  extend  our  results,  to  briefly  report  ongoing  measurements  |10]  which  investigate 
the  magnetic  behavior  of  the  films  when  one  constituent  thickness  is  held  fixed  and  the  other 
allowed  to  vary.  Magnetization  measurements  of  our  films  were  performed  using  a  Quantum 
Design  MPMS  SQUID  magnetometer.  Measured  moment  and  applied  external  magnetic  field 
were  along  a  (100)  direction  in  the  plane  of  the  film.  To  make  an  accurate  background  subtraction 
the  magnetic  moment  of  the  substrates  were  measured  in  field  at  multiple  temperatures  prior  to 
film  growth.  Magnetization  results  are  normalized  to  the  total  iron  oxide  volumes  within  our 
films,  as  NiO  remains  locally  ordered  as  an  antiferromagnet. 

A  selection  of  room  temperature  results  is  shown  in  Figure  2.  The  films  with  iron  oxide  thick¬ 
nesses  exceeding  60  A  per  layer  all  show  the  sigmoidal  shape  that  is  found  for  FejOs  films,  with  a 
substantially  decreased  saturation  at  the  highest  applied  magnetic  fields,  as  well  as  decreased  re- 
manence.  For  the  thinnest  nickel  oxide  layer  thicknesses  (at  this  iron  oxide  thickness),  we  observe 
a  substantial  change  from  the  iron  oxide  film  profile  indicative  of  an  increase  in  domain  rotation 
anisotropy  energy  from  that  of  iron  oxide  to  that  approaching  nickel  oxide.  With  an  increase  in 
the  nickel  oxide  thickness,  the  iron  oxide  magnetization  is  further  suppressed  until  the  nickel  oxide 
thickness  reaches  a  value  of  about  50  A,  after  which  little  variation  in  the  overall  hysteresis  profile 
is  seen.  For  iron  oxide  thicknesses  of  about  34  A  (about  4  spinel  unit  cells  thick),  we  observe 
either  a  lineer  magnetization  behavior  (nickel  oxide  thicknesses  up  to  34  A),  or  a  combination  of 
sigmoidal  and  linear  behavior  (nickel  oxide  thickness  ~68A). 

In  all  cases  where  the  iron  oxide  thickness  is  less  than  4  spinel  unit  cells  thick,  we  observe 
linear  or  nearly  linear  magnetic  behavior.  For  these  samples,  we  find  only  slight  variation  in 
the  slope  of  the  magnetization  versus  field  profiles  even  when  the  iron  oxide  layer  thickness  is 
'''SA,  and  the  NiO  thickness  is  ~70A.  As  an  example,  the  measured  value  for  the  highest 
field  (55kOe)  for  both  Fe304(8.5A)/Ni0(8.5  A)  [11]  and  Fe3O4(10  A)/NiO(70  A)  superlattices  is 
about  125  Gauss,  even  though  there  are  drastically  differing  NiO  thicknesses  in  each  bilayer.  We 
believe  this  profile  universality  indicates  complete  pinning  of  iron  oxide  moments  to  the  NiO  spin 
directions,  throughout  the  entire  iron  oxide  volumes  in  these  films,  with  the  small  variation  in 
slope  due  to  the  differing  amount  of  strain  present  in  the  individual  superlattices.  Comparable  low 
temperature  measurements  have  also  been  taken  (typically  at  ~30K).  which  show  a  somewhat 
larger  hysteresis,  and  an  increased  magnetization  at  highest  applied  field,  consistent  with  the 
variation  in  bulk-like  FejOs  magnetization  with  temperature. 

The  near  universality  of  magnetization  profiles  for  FesOs  thicknesses  less  than  -'-34  A  suggests 
that  there  is  a  limiting  thickness  (~15  A)  below  which  the  iron  oxide  magnetic  moment  directions 
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Figure  2:  Room  temperature  SQUID  magnetization  profiles  for  selected  superlattices.  An  iron 
oxide  film  would  reach  saturation  of  SOOGauss  before  an  applied  field  of  '^lOkOe,  but  clearly 
there  is  no  saturation  evident  here.  All  of  the  superlattices  we  have  grown  with  bilayer  thicknesses 
less  than  ~8oA  have  shown  similar  linear  magnetization  behavior  as  the  Fe3O4(10  A)/NiO(70  A 
superlattice  shown  in  the  lower  right. 

are  completely  determined  at  the  boundaries  with  the  NiO  layers.  When  the  iron  oxide  is  thicker 
than  34  A,  the  centra]  region  of  the  iron  oxide  layer  can  behave  more  like  bulk  FesO^,  while  the 
outer  portions  of  the  layer  are  still  highly  constrained  by  the  adjacent  NiO  layers. 

NEUTRON  DIFFRACTION  MEASUREMENTS 

To  further  confirm  our  magnetization  profile  measurements,  we  have  performed  neutron 
diffraction  measurements,  at  zero  external  applied  held,  on  a  selection  of  constituent  layer  thick¬ 
nesses  as  well  as  on  a  FeaOs  him.  Through  a  combination  of  rehection  directions,  which  represent 
various  combinations  of  signals  from  NiO  and  FejOs  magnetization  and  (chemical)  structure,  we 
have  been  able  to  determine  several  key  points. 

We  have  conhrmed  measurements  of  the  crystalline  and  chemical  ordering  found  by  XRD, 
by  measurements  of  neutron  (222)  rehections,  which  are  predominately  structural  in  character. 
Scans  in  the  growth  (001)  direction  also  show  a  high  number  of  sidebands  rehecting  the  chemical 
modulation  regularity.  We  have  observed  up  to  six  sidebands  on  each  side  of  the  central  peak[5|. 
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We  have  meaiured  (220)  reflections,  which  can  only  arise  from  scattering  from  Fe304  planes, 
due  to  symmetry.  These  results  show  that  for  FeaOsCflT  A)/NiO{33  A),  Fe304(34  A)/NiO(68  A), 
and  Fe3O4(15A)/NiO(70  A)  superlattices,  the  iron  oxide  coherence  lengths  for  magnetic  ordering 
is  less  than  a  single  bilayer  thickness,  reflecting  stacking  faults  in  Fe304  layer  growth,  although 
the  Fe3O4(70A)/NiO(10A)  superlattice  shows  a  much  longer  coherence  length  (>3  bilayers) 
indicating  that  the  thin  NiO  layers  still  allow  the  next  FesOs  layer  to  grow  without  stacking 
faults. 


0  200  400  600 

Temperature  (K) 

Figure  3:  A  typical  (111)  peak  intensity  plot  versus  temperature,  here  for  a  superlattice  with 
iron  oxide  thickness  of  IS  A  and  a  nickel  oxide  thickness  of  70  A  within  each  bilayer.  The  inset 
shows  the  variation  of  effective  Neel  temperature  with  relative  NiO  content  within  a  superlattice 
The  large  range  shown  for  the  Fe3O4(70  A)/NiO  (10  A)  sample  is  due  to  our  inabiUty  to  perform 
measurements  on  these  superlattices  above  a  temperature  of  ~700K.  Only  above  700  K  have  we 
observed  [4]  irreversible  behavior  due  to  interdiffusion. 

We  have  extended  the  measurements  in  Lind,  e(  of.  (&]  which  demonstrate  the  extended  order¬ 
ing  of  at  least  a  portion  of  NiO  within  superlattices  due  to  the  adjacent  presence  of  ferrimagnetic 
magnetite,  over  a  complete  set  of  samples  where  the  relative  amount  of  NiO  within  a  bilayer 
varies  from  zero  to  a  fraction  of  0.823.  These  measurements  follow  the  (Ill)  scattering  peaks 
as  a  function  of  temperature,  which  is  primarily  due  to  NiO  magnetic  scattering,  along  with  a 
small  amount  of  scattering  due  to  magnetic  and  structural  components  in  FesOs.  The  portion 
of  the  peak  signal  due  to  NiO  magnetic  scattering,  which  is  a  measure  of  the  Ni  moment  order 
parameter,  disappears  at  successively  higher  values  as  the  relative  NiO  content  of  a  superlattice 
bilayer  is  increased,  as  is  shown  in  Figure  3.  The  extension  of  the  NiO  order  parameter  to  higher 
temperatures  as  the  NiO  relative  thickness  decreases  suggests  that  at  least  some  boundary  layer 
of  the  nickel  oxide  has  an  increased  effective  Neel  temperature  due  to  coupling  to  adjacent  mag¬ 
netically  ordered  iron  oxide,  which  has  a  Curie  temperature  of  858  K,  and  is  consistent  with  mean 
Held  magnetic  ordering  calculations  performed  recently  which  show  strong  enhancement  due  to 
just  this  type  of  interfacial  coupling  [2]. 
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CONCLUSIONS 

The  continuous  manner  in  which  the  magnetisation  profiles  in  Fe304/Ni0  superlattices  evolves 
from  sigmoidal,  bulk-Uke  behavior  to  linear  suggests  that  the  iron  oxide  layers  have  a  boundary 
region  ('n^ISA)  which  is  constrained  to  align  with  the  NtO  spin  axes  In  addition,  the  neutron 
measurements  also  suggest  that  a  least  a  portion  of  the  NiO  layers  remains  ordered  above  the 
bulk  NiO  NmI  temperature,  which  is  consistent  with  this  strong  interfacial  exchange  coupling. 

We  would  like  to  thank  G.  Chern  and  H.  Mathias  for  their  fruitful  discussions  into  the  work 
presented  here.  This  work  was  supported  by  grant  support  from  the  National  Science  Foundation. 
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ABSTRACT 

Single  layers  of  Cog2Ci'18  with  thickness  in  the  ranee  of  lOO-lSOOA  and  multilayers 
of  Co-Ci/Al  with  Co-Cr  thickness  in  the  range  of  100-200A  and  A1  at  7A  were  prepared  by 
dc  magnetron  sputtering.  The  films  were  deposited  on  to  Si(lll)  and  glass  substrates  at 
room  temperature.  A  lOOA  thick  A1  buffer  layer  was  deposited  to  improve  the  c-axis 
mentation.  X-ray  diffraction  (XRD)  measurements  on  the  muldlayeis  show  a  predominant 
Co-Cr  (00.2)  peak.  Polar  magneto-optic  measurements  were  performed  to  determine  the 
Kerr  rotation  (8iq  and  figure  of  merit.  The  results  indicated  an  enhancement  in  the  figure  of 
merit  at  X  =  632.8  nm  for  the  multilayered  structures  compared  to  single  layer  samples.  All 
of  the  nims  show  a  4]iMs  value  around  6  kG  and  ferromagnetic  resonance  measurements 
indicate  an  enhancement  in  the  perpendicular  anisotropy  field  fw  the  ISOA  multilayered 
sample. 


INTRODUCTION 

Since  Iwasaki  [1)  et  al.  proposed  the  use  of  Co-Cr  films  as  perpendicular  recosding 
media,  numerous  smdies  on  Co-Ct  films  have  been  performed  on  a  wide  range  of  topics  from 
fabrication  'ihods  to  film  microsttucture  [2-10].  The  positive  anisotropy  is  considered  to 
be  one  of  the  basic  favorable  properties.  Ilie  magnetic  properties  are  very  sensitive  to  the 
microstructure,  though  a  clear  relationship  between  them  has  not  been  established.  The 
primary  problem  associated  with  microstructure  is  phase  segregation.  The  magnetic 
properties  have  been  studied  by  measurement  of  magnetization  curves,  torque  measurements 
and  ferromagnetic  resonance  method  [7,8].  There  are  very  few  reports  atout  the  magneto¬ 
optic  properties  of  Co-Cr/Al  films  [9,10].  Co-Cr  films  prepared  by  rf  diode  and  dc 
magnetron  sputtering  methods  show  a  6k  v^ues  of  0.036°  and  0.066°,  respectively.  Recent 
observation  of  a  large  magneto-optic  Kerr  rotation  of  0.4-0.5°  for  Cki  Cr/Al  prepared  by 
Facing  Target  Sputtering  (FTS)  is  very  encouraging  [10].  In  this  paper  we  present  the  results 
of  magnetic  and  magneto-optic  properties  of  dc  magnetron  sputtered  single  layer  and 
multilayer  Co82Cri8/Al  films. 


EXPERIMENTAL 

Samples  of  Class  and  Si  (111)  were  cleaned  ultrasonically  in  acetone  and  methanol. 
The  Si  samples  were  etched  with  10%  HF  for  one  minute  immediately  prior  to  loading  into 
the  deposition  system  in  order  to  facilitate  a  hydrogen  terminated  surface.  The  samples  were 
deposited  in  a  UHV  magnetron  sputter  deposition  system  with  a  rotating  substrate  holder 
[11].  The  deposition  system  was  evacuated  to  a  base  pressure  of  4  x  10'*  Torr  prior  to 
backfilling  with  99.999%  pure  Ar  gas.  The  samples  were  deposited  using  approximately  2(X) 
watts  dc  power  at  a  system  pressure  of  3.5  mTorr.  The  target  to  substrate  ^stance  was  ten 
inches.  This  distance  was  chosen  in  order  to  minimize  plasma-substrate  interactions. 
Deposition  rates  were  held  to  approximately  1.2A/sec.  Samples  were  grown  at  room 
temperature  on  a  lOOA  Al  buffer  layer,  to  promote  c-axis  orientation,  and  capped  with  7A  of 
Al  following  the  Cog2Crig  deposition.  Film  deposition  was  achieved  using  separate  Al  and 
Co82Cri8  sputtering  targets.  The  Co82Cri8  target  was  preconditioned  to  eliminate 
preferential  sputtering  effects.  Single  layer  Cog2Cri8  were  grown  on  Si(lll)  and  glass 
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substrates  rotating  at  SO  RPM.  Multilayered  samples  were  grown  using  an  alternating  shutter 
system  on  the  individual  sputtering  sources  controlled  by  a  quartz  crystal  thickness  monitor.. 
The  multilayers  samples  were  grown  with  Cog2Cr]g  thicknesses  of  lOOA,  ISOA,  and  200A 
with  7A  of  A1  between  each  layer.  The  amount  d  CoCr  was  held  constant  by  varying  the 
number  of  layers  in  the  multilayer  samples.  i.e.,  22,  IS,  and  1 1  for  the  lOOA,  ISOA,  and  200A 
layer  thickness  samples,  respectively.  Standard  8-26  x-ray  diffraction  (XRD)  scans  were 
performed  with  Cu-Ka  radiation.  High  angle  XRD  measurements  were  carried  out  on  all 
samples  to  check  the  c-axis  orientation  of  the  films. 

Magnetization  measurements  were  carried  out  by  Faraday  technique  using  a  Cahn 
electro-balance.  The  multilayered  sample  volume  was  estimated  from  the  cumulative 
thickness  of  the  magnetic  layers  and  the  area  of  the  specimen.  The  ferromagnetic  resonance 
(FMR)  data  were  taken  at  room  temperature  using  a  standard  ferromagnetic-resonance 
spectrometer.  The  microwave  reflection  spectrometer  operates  at  a  frequency  of  12  GHz  and 
employs  magnetic-field  modulation  with  phase-sensitive  detection  so  that  the  delected  signal 
is  proportional  to  the  field  derivative  of  the  absorbed  power.  The  dc  magnetic  field,  provided 
by  a  12-inch  Varian  electromagnet,  has  a  range  of  0-13  kG  and  can  be  rotated  in  the 
horizontal  plane  through  a  total  angle  of  360®.  Typical  FMR  samples  were  3mm  x  3mm. 
The  sample  is  mounted  in  a  TEioi  rectangular  cavity  on  a  vertic^  side  wall  for  “out-of- 
plane"  measurements,  i.e. ,  to  measure  FMR  as  a  function  of  dc  magnetic  field  orientation  in 
a  plane  perpendicular  to  the  film. 

The  magneto-optic  polar  Kerr  effect  measurements  on  these  samples  were  made  using 
a  simple  electro-optic  system  with  a  He-Ne  laser  (633  nm).  The  sample  to  be  tested  is 
magnetized  in  either  up  magnetization  or  down  magnetization.  Two  output  signals  (  St  and 
$2  )  from  the  photodetectors  are  fed  into  IBM/PC  through  the  data  acquisition  system.  A 
complete  measurement  process  includes  two  measurements:  first  in  up  magnetization  and 
then  down  magnetization.  The  angle  between  the  linearly  polarized  incident  beam  and  the 
horizontal  axis  is  predetermined  and  usually  equals  to  35°.  The  magneto-optic  polar  Kerr 
rotation  0k,  reflectance  R  and  shot-noise-limited  figure  of  merit  (FOM),  which  is  deflned  as 

can  calculated  accordingly. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  high  angle  XRD  pattern  of  a  ISOOA  thick  CoCr  film  indicating  two 
dominant  preferred  orientations  hcp((X).21  and  hcp(10.1]  of  CoCr.  However,  measurements 
on  multilayered  samples  show  predominantly  (00.21  peak,  demonstrating  an  increase  in  the  c- 
axis  orientation.  For  example.  Figure  2  shows  XRD  pattern  for  a  lCo-Cr(150A)/Al(7A)]i5 
multilayer. 

Magnetization  measurements  on  the  films  using  Faraday  balance  yield  4nMs  values 
of  approximately  6  kG.  FMR  measurements  on  all  of  the  single  layer  samples  showed  a 
single  absorption  peak  indicating  a  homogeneous  magnetic  component.  However,  for  all  of 
the  multilayer  samples,  in  addition  to  the  main  resonance  peak,  we  also  observed  a  broad 
absorption  to  the  left  of  the  main  peak  when  the  field  is  perpendicular  to  the  plane  of  the 
sample.  In  our  FMR  analysis  we  have  used  only  the  dominant  resonance  mode.  Figure  3 
shows  the  resonance  field  versus  <I>H  for  a  single  layered  sample  of  (Co-Clr(15(X)A)/Al(7A)l, 
where  <1>H  is  the  angle  made  by  the  dc  magnetic  field  with  the  film  plane.  We  have  fitted  the 
experimental  data  by  writing  the  free  energy  density  expression  as  described  in  reference 
(12).  The  resonance  and  equilibrium  conditions  give: 

2 

=  [//cos(<I>„  -<b)  +  cos20][H cos(<1>„  -  <I>)  -  sin’  O]  (1) 

and 

//sin(<l)„  -0)=  4wlf^sin<I>cos<I> 


0) 

r 


(2) 
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where  Q)  is  the  resonance  frequency,  y  =  gc/2mc  is  the  gyromagnetic  ratio,  0  is  the  angle 
subtended  by  the  equilibrium  magnetizadon  M  with  the  film  plane  and  4iiMeff  =  4][Ms-Hu 
where  Hu  =  2Ku/M,  is  the  uniaxial  perpendicular  anisotropy  field.  Equations  (1)  and  (2) 
were  used  to  fit  the  angular  dependence  of  the  FMR  data  to  obtain  4)iMeff  values.  Table  I 
lists  the  fitted  parameter  4iiMeff  for  the  samples  studied  along  with  the  values  of  Hu  =  4iiMs 
-  4nMeff.  The  measurements  indicate  an  increase  in  the  uniaxial  perpendicular  anisotropy 
field  for  multilayer  with  Co-Cr  thickness  of  150  A. 

Table  I-  Magnetic  and  magneto-optic  properties  of  CoCr/Al  single  and  multilayer  films. 


Sample 

Tk 

(«ieg) 

TOKT 

4jiMeff(lcG) 
(FMR  Data) 

c4i(M8*.4iiMeff 

Single  Laver 

Glass/Co-Cr(  1 500A)/AI(7  A) 

0.07 

0.04 

- 

- 

Si/Co-Cr(1500A)/Al(7A) 

0.08 

0.05 

5.2 

0.8 

Glass/Co-&18(100A) 

0.06 

0.05 

5.5 

0.5 

Si/Co-Cr(150A)/Al(7A) 

0.07 

0.06 

5.3 

0.7 

Glass/Co-Cr(200A) 

0.07 

0.05 

- 

- 

Si/Co-Cr(200A) 

0.08 

0.06 

- 

- 

Multilayers 

Glass/ICo-Cr(100A)]22/Al((7A) 

0.09 

0.06 

- 

- 

Si/[Co-Cr(  1 OOA)  122/A1((7  A) 

0.10 

0.07 

5.8 

0.2 

Glass/[Co-Cr(150A)]  15/A1((7A) 

0.11 

0.08 

4.8 

1.2 

Si/[Co-Cr(150A)l  15/A1((7A) 

0.15 

0.12 

4.2 

1.8 

Glass/ICo-a(200A)l  i  i/A1((7A) 

0.09 

0.07 

5.9 

0.1 

Si/[Co-Cr(200A)ji  i/A1((7A) 

0.11 

0.09 

5.8 

0.2 

*  An  average  4jtMs  value  of  6  kG  is  assumed  for  all  samples. 


Magneto-optic  Kerr  rotation  and  FOM  measured  at  X.  =  632.8  nm  are  listed  in  Table  I. 
These  measurements  show  an  enhancement  in  0k  for  multilayered  samples  compared  to 
single  layer  films.  We  attribute  this  observation  to  an  improved  c-axis  orientation  in  the 
multilayered  samples  with  A1  interlayers. 

SUMMARY 

Magnetic  and  magneto-optic  properties  of  dc  magnetron  sputtered  single  layers  of 
Co82Crig  with  thickness  in  the  range  of  lOO-lSOOA  and  multilayers  of  Co-Cr/Al  with  Co-Cr 
thickness  in  the  range  of  100-200A  and  A1  at  7 A  were  measured.  X-ray  diffraction 
measurements  indicate  that  the  c-axis  orientation  is  improved  by  multilayering  with  ultra-thin 
interlayers  of  Al,  which  is  demonstrated  by  the  presence  of  predominantly  (00.2)  peak  of  Co- 
Cr.  All  of  the  samples  show  a  saturation  magnetization  of  approximately  6  kG  at  room 
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temperature.  Ferromagnetic  resonance  measurements  indicate  a  positive  uniaxial 
perpendicular  anisotropy  field  of  about  1.8  kG  for  multilayer  samples  with  150A  thick  Q>-Cr 
layers  on  Si(lll).  Magneto-optic  measurements  at  X  =  632.8  nm  show  an  enhancement  of 
for  multilayered  samples  compared  to  single  layer  film.  This  is  attributed  to  an 
improvement  of  the  c-axis  orientation  in  the  multilayered  samples  with  A1  interlayers. 
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ABSTRACT 

A  quantitative  determination  of  interface  (Kg)  and  volume  anisotropy  {K^ 
constants  of  MBE  and  sputtered  Co/Pt  multilayers  is  repiorted.  Torque  and  VSM 
magnetometry  were  used  to  determine  the  total  average  anisotropy  and  the  room 
temperature  magnetization  of  four  different  series  of  films  with  varying  Co 
thickness  and  nearly  constant  Pt  thickness.  All  films  were  characterized  with  X-ray 
diffraction  and  X-ray  fluorescence,  allowing  the  determination  of  the  "magnetic" 
volume  with  good  accuracy.  Both  Kj  and  are  found  to  be  orientation 
dependent.  We  find  the  following  results  for  MBE  films  grown  on  Ag  buffered 
GaAs  substrates  and  highly  <  111  >  textured  films,  grown  on  '.tched  SiN  buffers; 

(111)  Ks=0.97mJ/m^  Kv**^ = -0.74MJ/W  MBE 

(111)  Kj  =  0.92m J/m^,  = - 1 . 1 1 M J/m^  sputtered 

(110)  Kc=0.42mJ/m^  Kv*''=-1.95MJ/m^  MBE 

(001)  Ks=0.59mJ/m^  Ky*"  =-5.98MJ/m’  MBE 

The  [1 10]-oriented  MBE  films  show  in  addition  a  large  (intrinsic)  in-plane 
anisotropy  constant  K||®=s-3MJ/m^,  jwhich  is  found  to  be  independent  of  the  Co 
thickness.  [100]  is  the  easy  and  [iTO]  the  hard  in-plane  direction. 

1.  INTRODUCTION 

The  structural  and  magnetic  properties  of  Co/Pt  multilayers  are  of 
continuing  interest  because  of  the  potential  for  such  multilayers  as  media  for 
high-density  magneto-optical  recording  in  the  blue  spectral  range.  In  1990  Lee  et 
al.  [I,  2]  demonstrated,  via  seeded  epitaxy,  the  extreme  dependence  of  magnetic 
anisotropy  of  Co/Pt  multilayers  on  the  orientation  of  the  growth  axis.  Similar 
results  had  first  been  reported  for  textured  [111]  and  [001]  oriented  Co/Pd 
multilayers  [3]  and  were  subsequently  obtained  for  the  three  orientations  of  MBE 
grown  Co/Pd  superlattices  [4]  and  more  recently  for  Ni/Co/Ni  sandwiches  [5]. 
A  variety  of  structural  probes  were  used  in  the  case  of  Co/Pt  superlattices  to 
investigate  the  degree  of  interface  intermixing  [6-8].  Chien  et  al.  [9]  suggested 
that  perpendicularly  aligned  Co-Co  pairs  at  stacking  faults  in  a  partially 
chemically  ordered  CoPtj  phase  at  the  interfaces  might  explain  the  orientation 
dependence  including  the  strong  uniaxial  in-plane  anisotropy  for  [1 10]-oriented 
multilayers.  However,  the  density  of  stacking  faults  necessary  to  produce  a 
considerable  number  of  Co-Co  pairs  could  not  be  confirmed  [10,  11]. 
Nevertheless,  short-range  chemical  ordering  was  detected  in  [1 1  l]-oriented 
multilayers  [l2]  using  synchrotron  X-ray  diffraction.  The  percentage  of  ordered 
CoPtj  phase  was  found  to  be  large  (~80%)  at  300®C  growth  temperature  but  only 
about  20%  for  the  lOO^C  grown  films,  that  are  under  investigation  here.  Thus 
one  has  to  conclude  that  there  is  indeed  the  possibility  of  interfaces  (or  structural 
boundaries)  between  alloyed  and/or  chemically  ordered  compound  regions  and  Co 
and  Pt,  which  can  be  expected  to  (at  least)  modify  the  interface  contribution  Kj 
to  the  total  magnetic  anisotropy.  Such  contributions  should  be  in  the  order  of  20% 
for  the  current  growth  temperature  of  I0O®C  and  much  larger  at  higher 
temperatures. 

On  the  theory  side,  Victora  and  Maclaren[13]  in  an  extended  Neel  model  [14] 
confirmed  the  results  of  Engel  et  al.  [4]  for  Co/Pd  superlattices,  who  reported  one 
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single  K5  value  for  all  three  orientations.  No  interfacial  mixing  was  assumed,  but 
the  strain  values  determined  from  the  experiments  were  incorporated  in  this  model. 
In  contrast,  no  such  orientation  independent  was  found  in  Ni/Co/Ni 
sandwiches  [5]  and  it  was  pointed  out  that  the  experimental  finding  in  Co/ Pd  was 
perhaps  a  coincidence  related  to  the  particular  strain  situation  in  that  system. 
Also,  first  principles  calculations  of  the  magnetic  anisotropy  of  Co/X  systems 
[15]  showed,  that  the  different  electronic  environment  encountered  in  different 
crystallographic  orientations  should  give  nse  to  different  Kg  contributions.  In 
agreement  with  the  work  of  Johnson  et  al.  [5]  on  Ni/Co/Ni  sandwiches,  we  find 
this  expectation  confirmed  in  our  Co/Pt  multilayers  and  report  an 
orientation-dependent  interface  anisotropy  Kg.  We  compare  our  values  to  those 
obtained  by  Victora  and  MacLaren  [13]  in  model  calculations  and  experiniental 
results  obtained  by  McGee  et  al.  [16]  in  a  Pt/Co-wedge/Pt(l  1 1)  sandwich.  Finally 
we  point  out,  that  the  anisotropy  in  the  present  Co/Pt  system  may  be  influenced 
by  graded  rather  than  abrupt  Co/Pt  interfaces  and  note  that  such  realistic 
intcrfai-es  could  be  tested  in  fuiuie  iheoieiicai  woiK. 

2.  EPITAXY  AND  CHARACTERIZATION 

The  epitaxial  films  were  grown  in  a  VG  80-M  MBE  system  (  VG  Semicon 
Ltd.)  using  electron-beam  sources  for  Co  and  Pt.  During  growth  the  background 
pressure  was  ~  1.10  '°  mbar.  Co  and  Pt  growth  rates  were  ~  0.2A/s,  and  the 
substrate  was  held  at  100°C  during  film  growth.  The  seeded  epitaxy  of  the 
multilayers,  on  GaAs  substrates,  has  been  described  elsewhere  [1,  2]. 

Highly-textured  (111)  oriented  multilayers  were  sputtered  on  ion-etched  SiN 
buffered  Si(lll)  substrates  using  techniques  described  earlier  [17,  18].  The  ion 
etching  of  the  SiN  buffer  films  turned  out  to  be  essential  for  promoting 
(1 1  l)-oriented  columnar  growth  with  typical  grain  diameters  of  ~10nm.  Rocking 
curve  widths  of  ~5®  confirmed  the  strong  preferred  (111)  orientation. 

The  Co  and  Pt  thicknesses  in  the  multilayers  were  determined  using  a 
combination  of  X-ray  fluorescence  for  multilayer  composition  and  X-ray  diffraction 
for  the  multilayer  period.  Torque  magnetometry  (45°  method  [19])  was  used  to 
determine  Ki  -  Ki  -  XjlnaMi  and  K||.  Here  refers  to  the  intrinsic 

perpendicular  anisotropy  constant.  No  such  distinction  between  K  and  K°  is 
necessary  for  the  in-plane  measurements  Kj.  The  saturation  magnetizations  were 
independently  measured  with  VSM  in  both  in-plane  and  out-of-plane  orientation, 
to  reduce  the  error.  All  measurements  were  made  at  room  temperature.  No 
distinction  between  K,  and  Kj  is  made,  i.e.  Kj  is  assumed  to  be  negligible  as 
compared  to  Kj.  Furthermore,  Mj  and  all  anisotropy  energies  have  been 
normalized  to  the  amount  of  Co  in  the  present  structures. 

3.  EXPERIMENTAL  RESULTS 

If  the  total  perpendicular  anisotropy  energy  per  Co  volume  and  including 
the  demagnetization  term  XjlnaMl  for  the  multilayers  is  written  as 

K^dc,  =  Kfdc„  +  lKs,  (1) 

then  plots  of  versus  d^-^  should  give  lines  of  slope  KxF  and  intercept  2Kj  in 
this  simple  phenomenological  approach  which  is  based  on  Neel's  model  [14]  of 
an  additional  interface  or  surface  anisotropy  term  Kj.  Fig.  1  (a)  shows  the 
measured  total  effective  magnetic  anisotropy  energy  (per  Co  volume)  Kj^  versus 
dc- whilst  Fig.  1  (b)  shows  the  plots  of  Kj^d^,  versus  dq^.  From  the  linear  sections 
in  Fig.  1  (b)  one  can  deduce  an  interface  contribution  twich  varies  in  the  expected 
l/d(^  manner.  The  extracted  values  of  Ks  and  Kf  are  indicated  in  the  figure  and 
also  summarized  in  Table  1.  Note  that  each  multilayer  orientation  has  a  different 
slope  and  intercept.  The  value  of  Kg  for  the  [111]  multilayers,  0.97  mJ/m^,  is 
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larger  than  that  (0.92  mJ/m^  found  in  the  sputtered  multilayers  and  smaller  than 
that  (I.15mJ/m^)  for  the  MBE-grown  Pt/Co/Pt  wedge  (single  sandwich)  of  McGee 
et  al.  [16], 

TABLE  1.  Comparison  of  interface  and  volume  anisotropies  of  differently  oriented 
MBE  superlattices  and  textured  sputtered  films  (this  work)  in  comparison  with 
results  of  McGee  et  al.  [16]  on  a  I^/Co/Pt  wedge  and  model  calculations  of  Victora 
and  McLaren  [13]. 


this  work,  see  also 
i«f.[20] 

Pt/Co-wedge/Pt, 
ref.  [16] 

theory,  ref.  [13] 

Co/Pt 

Orientation 

Kc  in 
mJ/m^ 

in 

MJ/m’ 

Ko  in 
mj/m^ 

in 

MJ/m^ 

Kc  in 
mJ/m^ 

in 

MJ/m’ 

(HI)  MBE 

0.97 

-0.74 

1.15 

-0.77 

0.85 

-1.3 

(111)  sputtered 

0.92 

-1.11 

(110)  MBE 

0.42 

-1.95 

0.7 

-4.2 

(001)  MBE 

0.59 

-5.98 

0.6 

-6.4 

0.0  0.4  0.8  1.2  1.6  2.0 
dco  (nm] 


0.0  0.4  0.8  1.2  1.6  2.0 
dco  [nm] 


Fig.  1:  Plot  of  (a)  Kj^  and  (b)  d^-^xK^  as  a  function  of  d^-^  for  epitaxial  and 
sputtered  Co/Pt  multilayers.  All  data  were  taken  at  room  temperature. 


The  (001)  multilayers  have  a  very  large  negative  volume  anisotropy  term 
which  may  be  induced  by  the  coherency  strain  for  these  multilayers  [21],  as 
originally  pointed  out  by  den  Breeder  er  al.  for  Co/Pd(100)  multilayers  [3]. 

In  the  case  of  the  [1 10]-oriented  multilayers  a  dual  behavior  is  observed  (see 
also  [20]);  both  torque  magnetometry  and  VSM  measurements  confirmed  that  the 
[110]-  oriented  multilayers  had  an_  additional  uniaxial  in-plane  anisotropy.  The 
easy  directions  were  [001]  and  [OOT],  while  along  the  hard  directions  ([110]  and 
[110]),  large  (>20KOe)  fields  were  needed  to  saturate  the  magnetization.  This 
in-plane  anisotropy  in  the  case  of  the  (110)  orientation  was  first  reported  by  Lin 
et  al.  [22]  and  by  Chien  et  al.  [9]  and  recently  also  been  confirmed  by  LeDang 
et  al.  [23]  in  NMR  experiments,  A  detailed  discussion  of  in-plane  anisotropies  in 
(110)  oriented  multilayers  in  conjunction  with  an  elastic  strain  theory  was  recently 
given  by  Hillebrands  et  al.  [24,  25].  For  these  samples  the  anisotropy  energy  can 
be  written  phenomenologically  as 
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Ea  =  /(q  +  A^ii  sin^6  cos^(t>  +  sin‘0,  (2) 

where  <(>  is  the  angle  between  the  magnetization  and  the  in-plane  easy  axis  [001], 
d  the  angle  bet'''een  the  magnetization  and  the  sample  normal  [110],  and  K|| 
are  the  out-of-plane  and  in-plane  anisotropy  constants  and  Kq  is  a  constant, 
independent  of  $  and  0.  Torque  magnetometry  measurements  were  made  in  three 
different  in-plane  and  out-of-plane  geometries  for  90“  (0  =  0-360°)  <t>=  0“ 
(0  =  0-360°)  and  0  =  90°  (<#>=0-360°).  From  these  three  independent 

measurements  the  anisotropy  constants  Ki_,  (K^  -f-  K,)  and  Ki  were  derived.  Fig. 
2(a)  shows  the  data.  In  this  figure  the  line  through  the  upper  set  of  data  points 
is  the  sum  of  the  fits  to  the  AT,  and  Ki  data.  There  is  good  agreement  between 
the  /l,  +  Ki  data  points  and  the  sum  curve.  Fig.  2(b)  shows  the  plot  of  dc„K, 
versus  dca  and  the  straight  line  fit  to  the  data,  resulting  in  the  Kj  and  KW  values 
as  given  in  Table  1.  We  have  also  measured  the  anisotropy  constants  for  a 


dco  [nm]  dco  [nm] 

Fig.  2:  (a)  Anisotropy  constants  Kj^  (•),  K-  (■)  and  (K, -t-K|.)  (4-)  versus  Co 
thickness  in  [110]  oriented  Co/Pt  multilayers,  (see  text  for  details)  and 
(b)  Plot  of  d{.„Kj^ versus  d^.  for  [110]  oriented  multilayers.  K,  was  taken  from  the 
direct  measurement  (•)  and  in  addition  determined  indirectly  fo)  by  subtraction  of 
K||  from  (Kj^  +  K||),  thus  improving  the  quality  of  the  fit. 

Magnetization  measurements  were  made  for  all  the  multilayers  grown  on 
GaAs  substrates  and  Fig.  3  (a)  shows  the  saturation  magnetization,  measured  at 
room  temperature.  Mj  refers  to  the  magnetization  divided  by  the  Co  volume  in 
the  multilayer  and  can  be  compared  with  the  value  for  bulk  (hep)  Co  of  1422 
kA/m.  An  enhanced  magnetization  is  evident  for  the  MBE  multilayers  over  the 
thickness  range  ~  0.3-1.5nm.  All  three  MBE  orientations  basically  fall  onto  the 
same  line,  whereas  some  of  the  sputtered  multilayers  obviously  do  not  show  the 
enhancement  in  that  Co  thickness  regime.  The  enhancement,  first  of  all,  can  be 
attributed  to  exchange  polarization  of  interfacial  Pt  atoms  by  the  Co  layers.  A 
reason  for  the  discrepancy  between  some  of  the  sputtered  and  the  MBE  multilayers 
might  be  that  in  the  case  of  sputtering,  columnar  growth  with  relatively  small  grain 
diameters  of  ~10nm  was  observed.  This  can  lead  to  "non-magnetic"  intergrain 
regions  (voids,  non  magnetic  Pt  etc.)  which  then  accordingly  reduce  the  average 
magnetization  obtained  by  VSM  magnetometry.  Another  argument  may  be,  that 
the  induced  Pt  polarization  in  the  case  of  sputtered  films,  which  were  grown  at 
lower  temperatures  (room  temperature  as  opposed  to  lOO'C  in  the  MBE  case) 
might  also  be  smaller  (see  below!).  At  large  (>  l.Snm)  Co  thicknesses  the 
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magnetization  approaches  that  of  bulk  Co  in  all  films,  since  the  relative  number 
of  interfacial  atoms  is  diminished.  On  the  other  hand,  for  Co  thicknesses  below 
0.3  nm  the  magnetization  per  Co  volume  drops  off  indicating  a  dilute  Co  alloy 
with  reduced  Curie  temperature  and/or  the  formation  of  a  2D  magnetic  layer  (Co 
or  Co-Pt  alloy)  which  can  also  lead  to  a  reduction  in  T,-,  due  to  reduced  symmetry. 
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Fig.  3:  (a)  Room  temperature  saturation  magnetization  per  Co  volume  for  the 

present  MBE  grown  Co/Pt  multilayers.  The  difTerent  orientations  are  once  again 
distinguished  by  the  respective  symbols  explained  in  the  figure. 

(b)  Evaluation  of  the  Pt  contribution  to  the  saturation  magnetization  according  to 
eq.(3)  from  all  the  data  in  (a). 


Assuming  that  the  total  magnetization  can  be  written  in  the  following  manner. 


AA/5  =  m/Vco  +  Ml'df,  (3) 

where  \  =  dc,  +  dp,  refers  to  the  multilayer  period  and  dco  and  dp,  are  the 
individual  Co  and  Pt  layer  thicknesses,  respectively,  we  can  extract  a  Co 
magnetization  of  ~1400kA/m  from  the  slope  and  an  average  Pt  magnetization  of 
~100kA/m  from  the  intercept  in  these  structures.  Both  numbers  are  reasonable 
and  assuming  a  Co  moment  of  l  ■7pg  per  Co  atom,  we  conclude  that  the  average 
moment  per  Pt  atom  is  in  the  order  of  0.12pg.  This  is  quite  high  given  that  we 
have  nominally  about  9-10  atomic  layers  of  Pt  in  between  Co  layers.  Note,  that 
a  single  atomic  layer  of  Pt  adjacent  to  Co  should  pick  up  a  moment  per  Pt  atom 
of  only  about  0.20, Ug  and  that  the  moment  in  the  second  Pt  layer  is  expected  to 
drop  off  rapidly  if  the  interfaces  are  atomically  sharp  [26].  An  average  moment 
per  Pt  of  only  about  0.03-0.05^3  was  predicted  and  found  to  be  in  overall 
agreement  with  x-ray  dichroism  data  obtained  from  (room  temperature)  evaporated 
Co/Pt  multilayers  [26,  27].  If  alloying  is  present,  the  induced  moment  per  Pt  atom 
is  expected  to  be  higher  due  to  the  (3D)  alloy  environment  and  the  moment 
reduction  will  be  deferred  to  nominally  thicker  Pt  spacings.  E.g.  Pt  impurity  atoms 
in  a  Co  matrix  have  been  reported  to  have  moments  in  the  order  of  0.3-0.4/jg  per 
Pt  atom  [28]  An  intermixing  zone  of  roughly  about  ±1  monolayer  at  each  interface 
therefore  readily  explains  our  experimental  finding. 

A  relatively  sharp  change  in  the  slope  is  observed  at  ~0.3nm  Co  thickness, 
indicating  a  reduction  of  the  total  moment  due  to  the  combined  effects  of  a 
suppression  of  the  Curie  temperature  and  alloying.  A  similar  "cut-off"  thickness 
is  obvious  in  Figs.1+2  and  we  finally  mention,  that  that  range  was  generally 
avoided  in  the  evaluation  of  the  slopes  and  intercepts  (Ky'*'^  and  2K5). 
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4.  COMPARISON  WITH  THEORY 

Inspection  of  Table  1  shows  that  the  theory  of  Victora  and  Maclaren[13] 
gives  good  agreement  for  both  Kj  and  for  the  [001]-oriented  multilayers  but 
poor  agreement  for  the  other  orientations.  The  theory  predicts  a  value  of  which 
is  too  small  for  all  the  [1 1  l]-oriented  multilayers  and  especially  for  the  Pt/Co/Pt 
wedge  sample  of  McGee  et  al.  [16].  We  find  that  the  sputtered  multilayers  show 
a  similar  value  of  to  the  [111]  -oriented  multilayers.  Since  all  the  multilayers 
contain  internal  interfaces  between  materials  with  different  electronic  structure  the 
basic  assumption  of  abrupt  Co/Pt  interfaces  is  not  a  realistic  starting  point  for  a 
theoretical  model.  Coherency  strain  for  the  [001]  multilayers  [21]  is  experimentally 
confirmed  and  appears  to  control  for  this  orientation.  However,  it  is  clear  that 
the  model  should  also  incorporate  the  effects  of  alloying,  chemical  ordering  and 
Pt  polarization  at  the  internal  interfaces.  These  effect  become  obviously  more 
important  at  higher  growth  temperatures  and  we  note,  that  we  have  meanwhile 
fabricated  respective  multilayer  structures  on  Pt  seed  sapphire(0001 )  substrates,  in 
which  we  observe  a  strong  enhancement  of  Kj^  if  we  increase  the  substrate 
temperature. 

5.  CONCLUSIONS 

We  report  a  quantitative  determination  of  Kg  and  for  MBE-grown, 
epitaxial  and  textured,  sputtered  Co/Pt  multilayers.  Kg  is  dependent  on  the 
orientation  of  the  multilayer  growth  axis.  A  strong  uniaxial  in-plane  anisotropy 
is  found  for  the  [1 10]-oriented  multilayers  fo.'  all  Co  film  thicknesses  investigated, 
which  was  up  to  Inm.  For  the  [001]-oriented  multilayers  the  volume  anisotropy 
term  is  very  large,  consistent  with  a  strain-driven  effect.  The  theory  of  Victora  and 
Maclaren[13]  is  not  in  agreement  with  our  data  and  we  believe  that  one  reason 
is  perhaps  the  neglect  of  interfacial  mixing  and  the  formation  of  alloy  interfaces, 
e.g.  between  CoPtj  phases  and  Co  and  Pt  respectively.  Our  data  confirm  that 
Pt  has  an  induced  moment  and  this  leads  to  an  enhanced  magnetization  per  Co 
volume  for  MBE  grown  multilayers  in  the  thickness  range  0.35-1.5  nm.  No  such 
enhancement  was  observed  for  the  case  of  sputtered  (111)  textured  and  strongly 
oriented  films,  which  however  showed  a  very  large  interface  anisotropy 
contribution. 
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ABSTRACT 

Structural  features  in  magnetic  multilayer  films  such  as  interfacial  sharpness  and  in-plane 
stress  are  regarded  as  responsible  for  the  perpendicular  magnetic  anisotropy  observed  in  these 
films.  The  multilayers  often  consist  of  alternating  magnetic  and  non-magnetic  layers,  and  the 
degree  of  interfacial  sharpness  between  the  two  is  a  critical  component  in  producing  perpendicular 
anisotropy.  Additionally,  in-plane  stress  affects  the  anisotropy  through  magnetostriction.  In  this 
work,  we  measure  both  the  composition  modulation  and  the  stress  in  multilayers  of  Pt/Co  with 
x-ray  diffraction.  Quantitative  information  about  the  compositicai  modulation  is  extracted  by 
recursively  fitting  a  model  of  multilayer  diffraction  to  the  high  angle  superlatlice  lines.  The  model 
incorporates  a  composition  modulation  of  variable  amplitude,  along  with  a  statistical  description 
of  the  layer  thickness  fluctuations. 

INTRODUCTION 

Two  major  (potential)  contributions  to  the  perpendicular  magnetic  anisotropy  in  Pl/Co  mul¬ 
tilayers  are  stress  and  interfacial  anisotropy  [1,  2|.  In  this  work  we  examine  the  intrinsic  stresses 
and  interfacial  sharpness  in  epitaxial  multilayers  of  Pt/Co,  using  x-ray  diffraction.  Identical  mul¬ 
tilayer  structures  were  deposited  using  DC  magnetron  sputtering  at  two  different  Ar  pressures. 
We  found  that  both  stress  and  interfacial  sharpness  were  affected  by  sputtering  pressure,  but 
that  only  the  interfacial  sharpness  correlated  with  the  changes  in  the  perpendicular  magnetic 
anisotropy. 

Magnetic  Anisotropy 

Magnetic  anisotropy  is  the  dependence  of  the  magnetic  energy  of  a  material  on  the  direc¬ 
tion  of  magnetization.  For  Pi/Co  multilayers,  the  major  contribution  to  the  anisotropy  is  the 
term  associated  with  single  axis  of  easy  magnetization  parallel  to  the  film  normal,  such  that  the 
magnetic  energy,  E™’,  takes  the  form: 

fT*’ =  K„sin’(f>-I-C  (1) 

where  is  the  magnitude  of  this  energy  dependence,  the  magnetic  anisotropy,  (t>  is  the  angle 
between  the  surface  normal  and  the  magnetization,  and  C  is  a  constant. 

Stress  can  contribute  to  perpendicular  magnetic  anisotropy  through  an  inverse  magnetostric- 
tive  effect.  For  an  cubic  thin  film  with  a  (111)  surface  normal,  K°  is  given  by: 

k:  =  -3/2A,„<r  (2) 

where  Am  is  one  of  the  two  magnetostriction  coefficients  which  relate  magnetization  and  strain  [Sj, 
and  <r  is  the  in-plane  stress.  Specifically,  Ani  is  defined  as  the  change  in  let-gth  of  a  crystal  in 
the  [111]  direction  when  it  is  magnetized  in  the  [111]  direction. 

Interfacial  anisotropy  is  another  contributor  to  the  anisotropy.  It’s  dependence  on  the  struc¬ 
ture  is  not  so  clear.  A  common  approach  is  to  assume  each  interface  introduces  a  fixed  anisotropy 
and  to  count  interfaces  [4,  5|.  This  leads  to  the  "l/t”  behavior,  where  (  is  the  magnetic  layer 
thickness.  The  (extrinsic)  anisotropy  energy  per  unit  area  of  a  bilayer  is  given  by: 

K.t  =  Kit  +  (3) 

where  ffj  is  the  anisotropy  of  the  bulk  of  each  layer  (intrinsic)  and  is  the  surface  anisotropy 
energy  of  each  interface  (intrinsic)  [4,  5j.  This  model  assumes  that  If'  is  independent  of  bilayer 
period,  which  is  unlikely  in  light  of  the  intermixing  at  low  bilayer  periods  which  is  shown  below. 
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X-RAY  MEASUREMENTS 

T'.o  analysis  which  was  used  to  extract  the  stress  in  a  given  phase  from  x-ray  diffraction 
iT'easuroments  also  gives  the  unstrained  lattice  parameter  In  this  work,  only  the  Pl-nch  phase 
was  visible  at  all  bilaycr  periods.  The  details  of  the  formalism  are  given  in  I6|.  Additionally,  the 
struct laal  refinement  technique  of  Fullerton  et  al  (T]  was  used  to  estimate  stniclural  parameters 
of  the  multilayers  This  technique  employs  a  non  linear  least-squares  fit  of  a  calculated  diffraction 
spectra  to  the  high  angle  symmetric  diffraction  pattern  from  the  multilayers  We  have  constructed 
a  fitting  program  which  incorporates  the  scattering  power  (and  therefore  the  composition)  of  the 
atomic  planes  as  fittable  parameters. 

EXPERIMENTAL 

The  samples  for  this  study  were  fabricated  in  a  customized  LTIV  sputter  deposition  system 
which  is  housed  in  the  V'apor  Phase  Deposition  Laboratory  of  the  Center  for  Materials  Research, 
at  Stanford  University.  Substrates  were  polished  single  crystal  sapphire  cut  w  ith  an  (00011  surface 
normal.  A  IISA  thick  Pt  underlayer  grown  at  550“C  was  used  to  induce  (111)  growth  texture 
in  the  multilayers,  as  well  as  an  in-planc  epitaxial  orientation,  with  the  Pt  (220)  parallel  to  the 
sapphire  (3030).  Multilayers  were  deposited  on  the  underlayers  at  room  tem[)erature  for  a  range 
of  bilayer  periods  beiwe<.'n  M  and  150  A.  At  all  bilayer  periotls  'he  glof.ai  c'lmjioKion  wa,'  75  at'-'c 
Pt.  Sample  sets  were  dc[>ositcd  at  3  and  25  intorr  of  .Ar.  al  a  source  lo  siibsirale  di.siance  of  2  5 
inches  and  growth  rates  of  approximately  0.5  A/s. 

Measurements  of  magnetic  rnonamt  and  hysteresis  were  performed  with  a  TOEl  Vibrating 
Sample  .Magnetometer  in  fields  up  to  20  KCauss  at  room  temperature.  Holder  and  substrate 
background  were  subtracted  from  the  data.  Measurements  of  perpendicular  amsotroiiy  were 
performed  using  a  I'OKl  torque  magnetometer,  also  m  fields  up  lo  20  KCauss  and  at  room 
temperature.  Background  torques  associated  with  ilic  apparatus  were  siibtraciid.  and  the  torque 
was  dotermitied  by  extrapolating  the  torque  at  4.5'  from  the  easy  axis  to  inllmio  field  'hj. 

The  asyiruneirii  x-ray  scattering  moasiiri.-mcms  (for  ihe  dcicrmmaiioii  of  stress  and  intermix¬ 
ing)  were  performed  on  ticamlinc  7-2  al  Stanford  Synchrotron  Hadiaiioii  Laboratory  (SSlil.  e 
huber  4-circlc  diffraciomclcr  was  u.scd  m  symnieiric,  asymmetric  and  grazing  incidence  modes 
Photon  energies  of  0087  eV  (A  =  l.24].|  A)  were  used.  The  symmeinc  data  (for  the  determina¬ 
tion  of  composition  modulatitn  using  slriiciiiral  refinement)  wore  taken  using  a  Phi’hps  powder 
diffractometer  and  Cti  radiation. 

RESULTS 
■Magnetic  Properties 

Figures  la)  and  lb)  shows  the  perpendicular  magnetic  anisotropy  and  ihc  saturation  magne¬ 
tization,  rt>spcx  tiv('ly.  of  the  multilayer  samples  m  this  study.  Two  importam  trends  are  visihlc 
in  the  anisotropy  data  Firstly,  sputtering  at  higher  pressures  prtKiuccs  a  larger  perpendicular 
anisotropy  for  a  given  bilayer  period.  Secondly.  increases  with  dtxrca.'.ing  hilayor  period  for 
all  but  the  smallest  bilayer  periods. 

The  saturation  magnetization,  M,.  of  those  samples  showed  a  small  sensitivity  to  bilaycr 
period,  but  a  large  sensitivity  to  sputtering  pressure.  The  exception  to  this  trend  is  the  decrea.se 
in  the  M,  values  al  low  bilayer  periods.  This  dccrea.se  is  an  artifact  of  the  deposition  process, 
owing  to  a  reduction  of  the  amount  of  Co  deposited  al  low  bilaycr  periods  Con.sequently ,  the  total 
moment  of  the  film  is  reduced.  The  rest  of  the  trends  are  a  eompctilion  betwien  two  proce.s.ses 
associated  with  intermixing  of  the  Pi  and  Co.  First,  there  will  a  reduction  in  the  magnetic 
moment  due  to  a  reduction  in  the  Curio  temperature  as  intermixing  occurs  (since  Be  of  the  alloy 
decrea.se.s  monotonieally  with  increasing  Pt  content)  |9).  Secondly,  intermixing  may  also  increasi' 
the  total  magnetic  moment  due  lo  the  po  -.alion  of  an  increasing  numlier  of  Pi  atoms  [91.  The 
increase  in  moment  at  low  sputtering  pressure  is  consistent  with  the  latter  mechanism  m  light  of 
the  fact  that  x-ray  measurements  show  below  that  there  is  increased  intermixing  al  low  sputtering 
pressures. 
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Figure  1  a)  f’erpendicular  magnettr'  ants<ytropy  hr  epitaxial  samples  on  sapphire  fOiXil ),  as  measured  veith 
torque  magnetomeiry  b)  Saturation  magnetization  of  epitaxial  samples  on  sapphire  (ODOl)  as  measured 
vith  vibrating  sample  magnetometry  The  entire  film  volume  was  used  as  the  volunie  of  magnetic  material 
in  all  cases 

Stress  and  Imcrmixing 

In  all  samples,  it  was  found  that  for  decreasing  bilayer  periods,  the  Pt-nch  phase  contained 
increasing  amounts  of  Co,  This  is  consistent  with  an  intermixed  region  at  the  interface  between 
Co  and  Pt  the  bilayer  period  decreases,  this  phase  dominates  the  behavior  of  the  material, 
f'igurc  2a)  shows  the  unstrained  lattice  parameter  and  the  stress,  respectively,  in  the  Pt  rich  phase, 
as  extracted  using  the  x-ray  diffraction  analysis  outlined  in  16],  In  addition  to  the  unstrained 
lattice  parameters.  Figure  2b)  shows  the  variation  of  stress  in  the  Pt-rieh  regions  of  the  films 
with  bilayer  period  and  with  sputtering  pressure.  The  samples  deposited  at  high  pressure  were 
in  a  more  tensile  state  that  those  deposited  at  low  pressure.  This  is  consistent  with  an  atomic 
pecning  mechanism  [10,  11,  12).  Furthermore,  at  both  pressures,  there  is  a  peak  in  the  compressive 
stress  around  a  bilayer  period  of  15-20A. 

Evidence  for  intermixing  was  also  seen  in  the  superlatlice  lines  in  symmetric  x-ray  scans  of 
the  epitaxial  samples.  Figure  3  shows  the  high  angle  supcrlattice  lines  and  the  recursive  fits  to 
these  diffraction  spectra  using  the  model  discussed  above.  All  the  fits  indicate  a  composition 
modulation  amplitude  which  is  less  than  the  maximum  composition  difference.  Furthermore,  the 
fits  indicate  that  the  intermixing  is  more  pronounced  at  lower  sputtering  pressures  and  at  lower 
bilayer  periods.  Table  I  shows  the  composition  of  Pt  in  the  Pi  and  Co  layers  as  extracted  from 
the  fit,  as  well  as  the  number  of  layers  of  each  in  the  average  bilayer, 

DISCUSSION 

The  level  of  intermixing  correlates  well  with  the  anisotropy  found  in  these  samples.  There  is 
a  trade  off  between  increasing  numbers  of  interfaces  and  decreasing  composition  modulation  with 
decreasing  bilayer  period.  At  the  smallest  bilayer  periods,  the  lack  of  composition  modulation 
dominates  and  the  anisotropy  is  greatly  reduced.  The  intermixing  behavior  is  plausible  in  terms 
of  a  kinetic  model  of  sputter  deposition.  The  arriving  atomic  species  have  less  kinetic  energy 
upon  arriving  at  the  substrate  when  deposition  is  performed  at  a  high  sputtering  pressure  (there 


Bilayer  Period  (mis) 


Bilayer  Period  (mis) 


Figure  2:  a)  The  unstrained  lattice  parameter  of  the  Pi-rich  region  of  the  samples,  as  measured  with  x-ray 
diffraction.  Increasing  amounts  of  Co  arc  seen  in  the  Pi  with  decreasing  bilayer  period,  b)  The  stress 
in  the  Pi-rich  regions  of  the  epitaxial  samples  on  st.pphire  (0001)  as  measured  by  x-ray  diffraction.  The 
elastic  constants  used  in  this  calculation  were  those  for  pure  Pi. 
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Figure  3:  Recursive  fits  of  a  diffraction  model  to  the  symnitctric  x-ray  diffraction  from  the  epitaxial  samples 
on  sapphire  (0001).  This  model  is  discussed  at  length  in  |7]. 


Table  1:  The  results  of  the  structural  refinement  calculations,  showing  the  composition  and  thickness  of 
the  Pt  and  Co  layers  in  the  average  bilayer. 


Sputtering 

Pressure 

Bilayer 

Pt 

Co  1 

Period 

No.  Layers 

At%Ptl 

No.  Layers 

At%  Pt 

25  mtorr 

25.0 

0.94 

0.01 

3  mtorr 

EEfl 

24.2 

0.83 

8.8 

0.04 

25  mtorr 

■as 

U.O 

1.00 

4.0 

045 

3  mtorr 

■am 

10.9 

0.75 

4.1 

0.51 

are  more  collisions  with  gas  atoms  for  a  metal  atom  on  its  way  to  the  substrate).  Therefore,  they 
are  kinetically  limited  in  reaching  the  intermixed  (or  lowest  energy  (9|)  state  at  high  sputtering 
pressure. 

In  contrast,  stress  appears  not  to  play  a  role  in  the  anisotropy  of  these  films.  According  to 
equation  4,  there  is  a  linear  proportionality  between  stress  and  Figure  4  shows  that  there 
is  no  correlation  between  stress  and  the  value  of  K^.  This  figure  needs  several  qualifications. 


Stress  (xIO®  Pa) 


I 


Figure  4:  A  comparison  of  and  stress  in  the  Pt-rich  regions  of  the  multilayers 

Obviously,  it  is  the  stress  in  the  Co  which  matters  for  magnetostriction.  There  are  two  pieces 
I  of  evidence  which  suggest  that  stress  in  the  Pt  is  representative  of  the  stress  in  the  Co.  Firstly, 

1  measurements  on  a  similar  sample  set  deposited  on  Si  wafers  indicated  agreement  between  the 

global  or  average  stress  in  the  multilayers  and  the  Pt.  This  was  accomplished  by  comparing 
■  substrate  curvature  and  x-ray  diffraction  data.  Secondly,  at  low  bilayers  periods,  the  intermixing 

i  indicates  that  the  Pt-rich  region  encompasses  the  entire  film,  such  that  there  can  be  no  region 

j  under  an  appreciably  different  stress. 

I  CONCLUSIONS 

I  FVom  this  work  we  can  draw  several  conclusions  regarding  the  relationship  among  film  growth 

conditions,  microstructure  and  perpendicular  magnetic  anisotropy.  Ku  was  larger  at  a  given 
bilayer  period  for  sputter  deposition  at  high  pressures.  Furthermore,  Ku  increased  with  decreasing 
bilayer  period,  up  until  a  point  after  which  decreases  in  bilayer  period  reduced  the  anisotropy. 
The  corresponding  trends  in  microstructure  showed  that  both  decreases  in  bilayer  period  and 
low  sputtering  pressure  produced  increasing  amounts  of  intermixing.  The  correlation  between 
intermixing  and  a  reduction  in  Ku  strongly  suggests  an  interfacial  anisotropy.  Stress  in  the 
Pt-rich  phase,  while  large,  did  not  correlate  with  anisotropy. 
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ABSTRACT 

We  report  on  the  magnetic  and  magneto-optical  properties  of  PtFe  and  PtCo  intertnetallic 
thin  films  when  they  have  the  CuAu(I)  tetragonal  structure  and  their  crystallographic  c  axis 
is  oriented  out  of  the  film  plane.  These  films  possess  large  perpendicular  magnetic 
anisotropy  energies.  We  observe  changes  in  the  magneto-t^tic  Kerr  rotations  of  Pt-Fe  and 
Pt-Co  alloys  associated  with  the  formation  of  the  uniaxial  CuAufI)  crystal  structure.  In 
particular,  we  repon  the  observation  of  up  to  60%  enhancement  in  the  magnetooptic  Kerr 
rotation  for  ordered,  epitaxial  PtFe  intertnetallic  alloy  over  that  of  the  random  face  centered 
cubic  alloy.  This  enhancement  is  wavelength  dependent,  with  a  peak  in  the  visible  light 
range  at  2.0  eV. 


INTRODUCTION 

Thin  films  possessing  perpendicular  magnetic  anisotropy  are  important  for  a 
number  of  applications,  including  magnetic  recording.  The  Pt/Co  and  Pt/Fe  alloy  and 
multilayer  systems  have  been  studied  extensively  because  they  are  found  to  possess 
perpendicular  magnetic  anisotropy  when  they  are  stacked  along  the  ( 1 1 1 1  crystallographic 
direction,  and  because  they  have  acceptable  magneto-optic  recording  figures  of  merit  for 
recording  at  shon  optical  wavelengths.  Here,  we  present  magnetic  and  magneto-optic  Kerr 
rotation  results  for  multilayers  based  on  a  different  kind  of  stacking,  that  of  the  naturally 
occurring  superlattices  PtFe  and  PtCo,  consisting  of  atomic  monolayers  stacked  along  the 
(001 1  axis.  These  phases  possess  large  magnetocrystalline  anisotropy,  approaching 
20x10^  ergs/cm3.  They  ate  also  of  interest  in  thin  film  form  because  of  the  large  magneto¬ 
optic  Kerr  rotations  available  from  PtCo  and  PtFe  allws  and  intermetallic  compounds!  1  ], 
their  relatively  large  magnetizations  (500-600emu/cm3),  and  their  thermodynamic  stability. 
The  formation  of  these  phases  with  the  c  axis  oriented  out  of  the  film  plane  is  accompanied 
by  large  perpendicular  magnetic  anisotropy  and  perpendicular  remanent  magnetization,  as 
well  as  enhanced  polar  Kerr  rotations  at  some  wavelengths.  The  ordered  PtFe  and  PtCo 
intermetallic  compounds  have  Curie  temperatures  from  400  to  500°C,  making 
thermomagnetic  writing  possible,  although  the  transition  temperature  is  higher  than 
optimal.  Alloying,  for  instance  with  Ni,  produces  CuAu(I)  structure  phases  with  lower 
transition  temperatures. 


SAMPLE  PREPARATION 

Epitaxial  multilayers  were  grown  by  sputtering  onto  epitaxial  Pt(OOl)  oriented  seed 
layers.  The  seed  layers  were  deposited  onto  polished  single  crystals  of  MgO(OOl)  using  a 
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technique  described  elsewhere|2).  The  equiaiomic  multilayers  consisted  of  multiple 
bilayers  of  FVFe  and  Pt/Co  deposited  at  100°C.  This  yielded  epitaxial  multilayers  with  the 
[001 1  cube  axes  out  of  plane  for  the  FCC  Pi  and  FCC  Co  in  the  Pt/Co  multilayers,  and 
BCC  Fe  and  FCC  Pt  in  the  Pt/Fe  multilayers.  X-ray  diffraction  detected  no  other  phases 
present  in  the  as-deposited  samples.  After  magnetic  and  X-ray  measurements,  the  samples 
were  annealed  in  a  5x  10"^  Torr  vacuum  at  temperatures  from  475  to  640°C  for  14  hours, 
forming  the  tetragonal  phase  with  the  unique  axis  oriented  out  of  the  film  plane.  The 
Structural  transformation  which  occurs  upon  annealing  is  accompanied  by  a  change  in  the 
magnetic  properties  of  the  films|3,4|. 


H  (kOe) 

Figure  1 :  Polar  Kerr  rotation  versus  applied  field  for  a  320A  thick  PiCo(00 1 )  film. 

MAGNETO  OPTIC  KERR  HYSTERESIS  LOOPS 

Figure  1  shows  a  polar  Kerr  hysteresis  loop  for  a  PtCo  film  prepared  in  this 
fashion.  Before  annealing,  the  film  con.sisted  of  8  bilayers  of  1 4A  Co(001 )  and  20A 
Pt(OOl)  deposited  onto  a  50A  Pt  seed  layer.  The  320A  PiCo  (001 )  film  for  which  data  are 
shown  in  the  figure  has  a  coercive  field  out  of  the  film  plane  of  2.9kOe,  a  saturation  field  of 
7kOe,  and  a  perpendicular  remanence  ratio  of  0.93.  The  remanent  rotation  is  0.35°  at 
4(X)nm.  Thermomagnetic  writing  was  found  to  be  possible  on  this  film,  although  high 
write  power  (-200mW)  was  required.  A  KKWA  thick  PiCo  film  prepared  under  similar 
conditions  was  found  to  have  a  saturation  moment  of  550emu/cm-^,  and  a  perpendicular 
magnetic  anisotropy  of  19xl0*ergs/cm3, 


Figure  2  shows  the  magneto-optic  Kerr  rotation  from  a  PtFefOOl )  film.  Before 
annealing,  the  sample  consisted  of  8  bilayers  of  23A  Fe(001 )  and  29A  Pt(00 1 ),  while  after 
annealing,  it  exists  as  the  oriented  superlattice  CuAu(I)  phase  with  the  c  axis  aligned  out  of 
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Applied  Field  (kOe) 

Figure  2:  Polar  Kerr  rotation  versus  applied  field  for  an  approximately  300A  thick 
PtFe(OOt)  film. 

the  plane.  The  seed  layer  has  become  a  polycrystalline  layerl4.5|.  This  film  shows  a 
coercive  field  of  3.5  kOe,  but  unlike  ih  PtCo  films,  the  film  could  not  be  saturated  up  to  an 
applied  field  of  22kOe.  This  film,  in  a<  'ht.on  to  displaying  symmetric  X-ray  peaks  from 
the  PtFe  c-axis  oriented  phase,  also  shows  peaks  corresponding  to  a-axis  oriented  PtFe. 
The  inhomogeneous  microstructure  which  this  implies  ma'  make  domain  wall  motion 
difficult,  causing  some  regions  of  the  film  to  be  difficult  to  magnetize.  We  have  not  yet 
determined  the  saturation  magnetization  of  this  thin  film  phase.  It  should  be  noted  that  the 
value  of  .saturation  rotation  observed  for  the  ordered  PtFe  phase  at  633nm  is  quite  large, 
0.6°.  Insight  into  the  large  value  of  Kerr  rotation  for  the  ordered  uniaxial  PiFefOOl )  can  be 
gained  by  considering  the  wavelength  dependence  of  the  Kerr  rotation. 


KERR  ROTATION  SPECTRA 

In  addition  to  requiring  perpendicular  magnetic  anisotropy,  application  of  thin  films 
to  magneto-optic  recording  requires  large  magneto-ontic  Kerr  rotations.  It  is  therefore 
interesting  to  investigate  whether  enhancement  of  i..'  ma”'  '  occurs  as  a  result  of  forming 


the  ordered  PtFe  and  PtCo  phases.  Recently,  increases  of  the  Kerr  rotation  have  been 
repotted  in  polycrystalline  Fe/Cu[61,  and  fw  ultra  thin  epitaxial  Fe/Aul?].  In  some  cases, 
enhancements  of  up  to  two  times  the  rotation  of  pure  Fe  have  been  reported.  Several 
sources  for  these  enhancements  have  been  proposed.  In  the  case  of  epitaxial  Fe/Au,  the 
appearance  of  a  wavelength-dependent  peak  in  the  MOKE  spectrum  was  attributed  to  the 
development  of  a  d-surface  band,  whose  characteristics  were  reflected  in  the  MOKE 
spectrum.  Such  increases  in  the  MOKE  rotation  are  of  obvious  scientific  interest,  and  are 
also  of  technological  interest  for  magneto-optical  recording  if  such  enhanced  rotations  are 
accompanied  by  perpendicular  magnetic  anisotropy. 

Changes  in  the  MOKE  spectrum  are  expected  due  to  site  ordering  of  an  alloy.  For 
intia-band  transitions,  increased  rotation  can  occur  because  of  Fermi  surface  changes  and 
because  of  the  greater  electronic  relaxation  times  associated  with  the  greater  regularity  of  the 
ordered  lattice  relative  to  that  of  the  randomly  occupied  lattice.  Inter-band  electronic  effects 
are  also  be  expected  upon  ordering  of  a  random  alloy,  panicularly  in  the  case  where  a 
strong  net  structural  anisotropy  appears,  since  this  anisotropy  correlates  with  the  existence 
of  uniaxial  electronic  states  which  do  not  exist  in  the  disordered  (cubic)  alloy.  Such  states 
can  appear  in  multilayers,  for  instance,  as  surface  states.  Site  ordering  is  often 
accompanied  by  a  change  in  the  average  number  of  nearest  neighbors  of  a  given  species, 
which  is  also  expected  to  affect  imer-band  optical  transitions. 

The  ordering  of  PtFe  and  PiCo  compounds  are  of  interest  in  this  regard.  Both  can 
exist  as  either  a  randomly  site  occupied  FCC  alloy  (random  alloy)  or  as  a  naturally 
occurring  tetragonal  superlattice  structure.  The  tetragonal  phase,  denoted  as  CuAu(l), 
consists  of  alternate  planes  of  Pt  and  Fe  or  Co  stacked  along  the  1001 1  direction.  Physical 
properties  will  be  affected  by  the  electronic  structure  differences  existing  between  the 
ordered  compound  and  the  random  alloy.  One  such  effect  is  the  appearance  of  very  strong 
uniaxial  magnetic  anisotropy  in  these  compounds,  in  which  the  easy  axis  of  magnetization 
lies  along  the  1001 1  direction.  Another  possible  result  of  the  ordering  is  a  change  in  the 
large  magneto-optic  Kerr  rotations  observed  in  the  random  alloys  of  these  and  similar 
systemslU. 

Room  temperature  magneto-optic  measurements  were  made  between  1 .2  and 
3.5eV  on  a  commercial  Nihonkagaku  Engineering  BH-M8(X).  with  a  Soma  SOlO 
monochromator  and  a  halogen  lamp.  The  angle  of  incidence  was  15°  from  the  surface 
normal.  The  magnetic  field  was  varied  between  ±20  kOe  and  was  applied  perpendicular  to 
the  sample  surface.  Saturation  rotations  were  taken  to  be  half  of  the  total  difference  in 
rotation  associated  with  reversing  the  direction  of  the  20  kOe  field. 

Figure  3  shows  a  comparison  between  the  behavior  of  an  ordered,  oriented, 
CuAu(l)  phase  formed  by  annealing  as  described  above,  and  an  epitaxial  FCC  random  PtFe 
alloy,  with  a  MOKE  spectrum  which  agrees  with  rotations  measured  for  random  alloys  of 
PtFe  bulk  specimens!  1 1-  It  is  clear  from  comparison  of  the  behavior  of  multilayer  samples 
(not  shown  here)  that  the  wavelength  dependence  of  the  Kerr  rotation  varies  with  the 
bilayer  period.  However  the  most  striking  compari.son  is  between  the  behavior  of  the 
random  alloy  and  ordered  compound.  A  dramatic  change  in  the  spectral  dependence  of  the 
magneto-optic  Kerr  rotation  is  ob.served  as  a  result  of  the  formation  of  the  ordered 
intermetallic  phase.  The  rotation  at  2.0  eV  is  approximately  60%  higher  than  that  of  the 
composirionally  modulated  Pt/Fe  multilayers.  This  feature  is  due  to  a  change  in  the 
electronic  structure  of  the  alloy  as  a  result  of  the  anneal.  The  sample  reflectivity  we  measure 
at  the  peak  in  the  spectrum  is  59%.  Essentially  the  .same  MOKE  spectrum  is  obtained  for  a 
variety  of  film  thicknesses,  confirming  that  the  spectra  we  observe  are  not  due  to  thin  film 
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interference  effecui.  Recent  ab  initio  calculations  have  predicted  the  existence  of  such  a 
peak  in  the  MOKE  spectrum  for  ordered  PtFel8). 


Figure  3.  Saturation  magneto-optic  Kerr  rotation  vs.  photon  energy  for  the  tetragonally 
ordered  PtFe  thin  film  and  for  a  randomly  site  occupied  equiatomic  PtHe  sample. 

We  have  also  observed  small  changes  in  the  MOKE  spectra  when  the  ordered  PtCo 
phase  is  produced,  although  the  changes  are  much  less  pronounced  than  for  the  PtFe.  The 
artificial  multilayer  spectra  are  similar  to  spectra  which  have  been  published  for  random 
FCC  PtCo[  1 1.  Changes  in  the  spectral  shape  occur  upon  ordering  for  this  system  as  well, 
although  they  are  less  pronounced  than  those  which  we  observe  for  PtFe.  Recent  work  on 
uniaxial  PtCo  films  shows  a  small  peak  in  the  same  wavelength  range  as  we  are  here 
reponing  for  PtFe(9|. 

Several  notable  changes  occur  upon  site  ordering  from  a  random  FCC  lattice  to  the 
CuAu(l)  structure.  The  average  number  of  6  Fe  nearest  neighbors  in  the  FCC  phase 
changes  to  4  for  the  Fe  atoms  and  8  for  the  Pt  atoms,  while  the  atomic  site  symmetry 
changes  from  cubic  to  tetragonal.  We  tentatively  ascribe  the  new  spectral  feature  in  the 
MOKE  spectrum  to  hybridization  of  the  Fe  3d  orbitals  in  the  presence  of  the  uniaxial  crystal 
field,  resulting  in  different  energies  and  oscillator  strengths  than  have  been  previously 
postulated  for  random  FCC  alloys.  This  notion  is  supported  in  the  MOKE  spectra  of  the 
ordered  alloy  compared  that  of  the  disordered  alloy  and  of  pure  Fe|  1  ]  by  the  aj  parent 
absence  of  the  customarily  observed  peak  at  approximately  1 .2  eV.  It  is  possible, 
however,  that  such  a  peak  is  present  but  obscured  by  the  larger  peak  at  2.0  eV.  Funher 
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insight  into  the  magneto-optic  behavior  of  materials  can  also  be  gained  from  consideration 
of  band  structures.  A  more  certain  assignment  of  the  2.0  eV  spectral  feature  will  require 
magneto-optic  rotation  and  ellipticity  measurements  over  a  wider  energy  range  and  a 
detailed  comparison  to  band  structure  calculations  for  the  tetragonal  cell,  as  well  as  the 
production  of  other  3d  transition  metal-Pt  and  Pd  compounds  with  the  CuAu(I)  structure. 

We  also  note  the  possibility  for  observing  anisotropy  in  the  specoal  shape 
depending  on  the  direction  of  the  wave  vector  relative  to  the  unit  cell,  e.g.  by  measurement 
of  longitudinal  Kerr  rotations  for  these  films.  Such  anisotropy  in  Kerr  spectra  have  been 
noted  for  the  case  of  Gd[  I0|.  Finally,  we  point  out  that  many  magnetic  intermetallic  phases 
exist,  some  of  which  may  exhibit  enhanced  Ken  rotaticxis  upon  ordering.  Several  of  these 
phases  have  the  CuAu(I)  structure  and  possess  uniaxial  magnetic  anisotropy,  hence  they 
may  be  candidates  for  magneto-optical  recording  applications. 

CONCLUSIONS 

In  conclusion,  we  have  shown  that  a  strong  <  nhancemenl  of  the  MOKE  spectrum 
occurs  upon  ordering  of  epitaxial  precursor  multilayers  to  form  the  PtFe(001 )  natural 
superlattice.  Less  dramatic  changes  in  the  MOKE  spectra  are  also  evident  for  the  ordered 
alloys  PtCo.  These  anisotropic  thin  films  are  promising  for  magnetic  recording 
applications  if  they  can  be  prepared  easily  with  suitable  coerciviiy  and  remanent 
perpendicular  magnetization.  Similar  changes  in  MOKE  spectra  may  be  expected  for  other 
intermetallic  compounds,  panicularly  with  the  CuAu(I)  struewre. 
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ABSTRACT 

An  experimental  study  of  conventional  x-ray  absorption  and  of  magnetic  circular  x-ray 
dichroism  has  been  performed  on  Ce/Fe  multilayers  at  the  Ce  L2,3  and  the  Fe-K  edge,  to 
characterize  the  impact  of  the  interaction  of  Ce  and  Fc  on  the  local  electronic  and  magnetic 
structure  of  the  interface.  The  spectra  reveal  that  the  interaction  has  two  effects.  First,  on  a  depth 
scale  of  up  to  15  A  near  the  interface,  the  Ce  atoms  adopt  the  electronic  structure  of  the  a-pha.se. 

with  itinerant  4f  states.  Second,  a  large  portion  (  *10  A)  of  these  a-like  Ce  atoms  is 
magnetically  polarized  and  carries  an  ordered  magnetic  5d  moment.  The  Fe-3d  and  Ce-5d 
moments  are  antiferromagnetically  coupled.  Interface  mixing  on  a  length  scale  of  the  magnetic 
polarization  can  be  excluded. 

INTRODUCTION 

During  the  last  years,  the  synthesis  and  study  of  thin  layer  and  multilayer  structures  composed 
of  different  metals  have  attracted  considerable  interest.  This  is  because  the  properties  of  such 
artificial  materials  can  be  significantly  different  from  those  of  any  of  the  components.  The 
present  paper  deals  with  multilayers  prepared  of  cerium  and  iron.  The  slacking  of  a  rare  earth 
and  a  transition  metal  is  particularly  attractive  in  view  of  the  resulting  magnetic  properties,  as 
more  localized  4f  and  itinerant  d  electronic  states  are  combined.  Consequences  originating  from 
the  interaction  of  such  states  are  immediately  evident  in  iniermetallic  compounds.  In  CeFe2  for 
example,  a  compound  well  known  for  its  peculiar  properties,  which  is  of  particular  interest  in 
the  present  context,  delocalization  of  the  Ce-4f  states  and  quenching  of  their  orbital  moment  due 
to  a  strong  hybridization  with  the  Fe-3d  states  results  in  ferromagnetic  order  with  an  unusually 
low  Curie  temperature  (*230  K),  a  small  magnetic  moment  of  the  Fe  ions  (=1.4  pg)  a'.d  a 

magnetic  moment  of  the  Ce  ions  (=0.5  pB)  coupled  antiferromagnetically  to  the  Fe  momentl  1). 
It  has  been  shown  recently  that  the  saturation  magnetization  of  Ce/Fe  multilayers  at  room 
temperature  is  considerably  reduced  as  compared  to  bulk  Fe(21.  This  addresses  the  problem  of 
the  interaction  of  Ce  and  Fe  at  the  interface  of  these  multilayers.  It  is  the  aim  of  this  work  to 
provide  a  microscopic  characterization  of  the  electronic  and  magnetic  structure  at  the  Ce-Fe 
interface.  This  information  is  derived  by  absorption  spectroscopy  at  the  L2,3  edges  of  Ce  and 
the  K  edge  of  Fe  with  circularly  polarized  hard  x-rays,  taking  benefit  from  the  atomic  selectivity 
of  the  method  and  the  appearance  of  magnetic  dichroism  near  the  absorption  edges  involved. 

MAGNETIC  CIRCULAR  X-RAY  DICHROISM 

Conventional  x-ray  absorption  spectroscopy  at  the  L2,3  edges  of  rare  earths  have  been  widely 
used  to  study  their  electronic  states  in  intermetallic  compounds.  The  method  is  of  particular 
importance  for  Ce  systems  with  their  unusual  properties  which  are  connected  to  an  anomalous 
electronic  4f  conriguration[31.The  interpretation  of  the  spectra  has  been  a  matter  of  controversy, 
but  it  has  been  shown  that  they  yield  a  reliable  image  of  the  rare-earth  ground  state 
configuration,  in  spite  of  final  state  effects  if  the  interactions  between  the  photoelectron  and  the 
remaining  electronic  system  is  properly  taken  into  account  [4).  Then  the  degree  of  delocalization 
of  the  Ce-4f  states  which  varies  with  the  local  environment  is  sensitively  reflected  in  the  Lo  3 
absoiptioii-cdge  profiles  . 


Mat.  Res.  Soc.  Symp.  Proc.  Vol.  313.  '  1993  Materials  Research  Society 


812 


With  circularly  polarized  x-rays,  electrons  excited  from  a  core  level  are  spin 
polarized[S].  The  transitions  of  such  electrons  into  exchange-split  unoccupied  states  at  the  same 
site  then  allows  the  study  of  local  magnetic  properties  of  the  absorbing  atomic  species  in  a 
ferromagnetic  or  ferrimagnetic  material,  because  the  absorption  process  depends  on  the 
polarization  direction  of  the  incident  light  with  respect  to  the  direction  of  the  magnetization.  This 
magnetic  circular  x-ray  dichroism  (MCXD)  is  governed  by  spin-selective  electric  dipole 
transitions  in  the  presence  of  spin-orbit  interaction  in  the  initial  and  final  states(6].  MCXD 
studies  performed  on  multilayers  of  Nd/Fe(7J,  Co/Ptt8],  Co/Pd[9]  and  ro/Cu[10]  or  on 
ultrathin  Fe  layers[  1 1  ]  have  underlined  its  importance  as  a  tool  for  getting  access  to  interfacial 
magnetism  or  magnetic  anisotropy. 

In  spite  of  large  efforts  the  present  level  of  understanding  of  the  MCXD  process  is  rather 
limited.  In  the  one-electron  approach[  12],  at  the  L2,3edges  of  a  rare  earth  and  the  K  edge  of  a  3d 
transition  metal  only  the  dipole-permitted  2p  to  5d  and  the  Is  to  4p  transitions  contribute  to  the 
absorption  process.  In  the  case  of  the  rare-earth  L2,3  and  the  3d-tran.sition-metal  K  edges  the 
dichroic  signal  essentially  results  from  the  spin  polarization  of  the  unoccupied  5d  and  4p  band 
states,  respectively.  The  4f  and  3d  electron  states,  mainly  responsible  for  the  magnetic  properties 
of  the  material,  are  only  probed  indirectly  via  their  exchange  coupling  with  the  states  reached  in 
the  absorption  process.  Let  us  point  out  that  the  relation  between  the  MCXD  signal  and  the  total 
magnetic  moment  of  the  absorbing  atom  is  a  matter  of  a  current  debate[9-13].  In  general  the 
integrated  dichroism  signals  at  the  individual  edges  are  not  proportional  to  this  moment. 

EXPERIMENTAL  RESULTS 

The  Ce/Fe  multilayers  for  the  present  investigation  were  grown  by  ion-beam  sputtering  using 
Ar  gas  in  an  UHV  chamber  (base  pressure  <  5. 10"  I®  mbar)  on  Kapton  foils  coated  with  a  10  A 
thick  Cr  buffer  layer.  Partial  pressures  of  residual  gases  (e  g.  02,  N2.  H2O)  were  below  10' 
mbar  during  deposition.  The  substrate  holder  was  cooled  to  liquid  nitrogen  temperature  to 
minimize  diffusion.  The  samples  were  protected  from  oxidation  by  a  60  A  thick  Cr  top  layer. 
The  deposition  process  was  controlled  by  a  quartz  rate  monitor  and  a  computer.  Deposition  rates 
were  typically  0.5  A/s,  the  total  thickness  of  the  multilayers  was  near  4(XX)  A. 

The  multilayers  had  been  well  characterized  previously[2, 14] .  The  sunicture  of  the  individual 
Fe  and  Ce  layers  depends  on  their  thickness  tpe  and  tCe-  For  the  spectroscopic  measurements 
these  were  chosen  such  that  Fe  is  crystalline  with  bcc  structure  (tFe>  24  A)  and  Ce  is 
amorphous  (tCe<  70  A).  The  Fe  layers  are  strongly  textured,  with  their  densest  plane  ( 1 10)  in 
the  film  plane.  The  lateral  extension  of  the  crystallites  is  between  80  and  100  A.  Special  efforts 
were  devoted  to  the  structural  characterization  of  the  interfaces.  57Fe  Mdssbauer  spectroscopy 
reveals  that  a  5  to  7  A  thick  part  of  the  individual  Fe  layers  shows  a  very  small  hyperfine  field 
splitting[15],  which  must  be  attributed  to  the  influence  of  the  interfaces.  This  signifies  that 
nominally  less  than  2  atomic  layers  of  Fe  lake  part  in  the  formation  of  a  Ce/Fe  inlerface.The 
considerable  sharpness  of  the  interfaces  was  confirmed  by  small-angle  x-ray  scattering  and 
subsequent  Monte-Carlo  simulations  of  the  diagrams]  14].  It  was  found  that  diffusion  is 
negligible,  and  fluctuations  in  the  number  of  atomic  layers  of  the  individual  Ce  and  Fe  layers, 
representing  "roughness"  at  the  interfaces,  are  limited  to  less  than  +/-1  atomic  layer.  It  can  be 
concluded  then  that  the  periodic  array  of  the  components  in  the  multilayers  is  very  regular  and 
that  the  interfaces  are  sharp.  All  samples  were  checked  by  measurements  of  the  bulk 
magnetization.  The  Curie  temperatures  are  far  above  room  temperature,  indicating  that  the 
individual  Fe  layers  dominate  the  magnetic  properties  . 

The  x-ray  absorption  spectra  were  measured  in  transmission  mode  at  room  temperature 
mainly  on  the  energy-dispersive  spectrometer  of  the  DCl  storage  ring  at  LURE,  using  a 
position-sensitive  detector.  The  MCXD  spectra  were  recorded  at  0.3  mrad  below  the  positron 
orbit  plane  where  the  light  is  right  circularly  polarized  to  80%  for  two  opposite  directions  of  the 
external  magnetic  field  B-*.  and  B-.  The  field  is  applied  at  grazing  incidence  to  the  multilayer 
planes  and  amounts  to  0.5  T,  which  is  strong  enough  to  saturate  the  magnetization  (the  samples 
show  in-plane  anisotropy).  Details  of  data  collection  and  the  experimental  setup  are  described 
elswhere[7,16]. 

Special  attention  was  paid  to  possible  oxygen  contaminations  of  Ce.  Separate  measurements 
on  a  Ce  film  (y-Phase)  prepared  in  the  way  as  the  other  samples  testify  that  the  near-edge 
structures  of  Ce02  in  the  L2,3  spectra  were  absent.  The  MCXD  spectra  are  presented  by  the 
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difference  4”  (B-t-)  -  4”  (B.)  where  4  (B+)  and  4  (B-)  are  ihe  absorption  coefficients  for 
right-circularly  polarized  x-rays  (helicity  -h)  and  the  two  field  directions  B+,  parallel  and  B- 

antiparallel  to  the  wave  vector  of  the  light.  The  absorption  coefficients  4"  are  normalized  to  one 
far  beyond  the  edge.  This  procedure  makes  the  spectra  independent  of  the  amount  of  Ce  probed 
in  a  measurement. 

Fig.  1  shows  the  Ce  L2  x-ray  absorption  spectra  of  three  Ce/Fe  multilayers  with  constant 
thickness  of  the  individual  Fe  layers  (tFe=  29A).  The  results  obtained  for  Ce  metal  and  the 
compound  CeFe2  are  shown  for  comparison.  Differences  in  the  absorption  profiles  of  these  Ce 
systems,  which  are  immediately  apparent,  reflect  differences  in  the  4f  configuration. 

’  ^  ^  ^  T- •  •  •  .  ■  ■  In  contradistinction  to  the  L2  spectrum  of 

Ce  metal  which  shows  the  "white-line " 


of  Ce/Fe  multilayers  (Fe  thickness  29A, 
total  thickness  =4000  A),  yCe  metal  and  the 
intermetallic  compound  CeFe2- 


Fig.  2:  Normalized  Fe-K  x-ray  absorption  spectra 
of  a  Ce/Fe  multilayer  (thickness  =4000  A), 
bcc  Fe  metal  and  CeFe2. 


profile  of  the  y  phase  with  its  well- 
localized  4f  eleciron,  those  of  the 
multilayers  exhibit  a  second  peak  located 
at  =10  eV  above  the  first  one  and 
approach,  with  decreasing  thickness  of  the 
Ce  layers,  the  spectrum  of  CeFe2  This 

compound  is  a  well-known  a-Ce-like 
system,  with  delocalized  4f  states  owing 
to  a  strong  hybridization  of  the  4f  and 
conduction  band  states!  I  [.  The  double¬ 
peak  structure  of  the  Ce-l.s  edge 
profiles  then  is  a  signatuic  of  final  states 
effects  and  reflects  the  two  possible 
screening  mechanisms  of  the  2p  core  hole, 
via  a  4f  or  a  5d  eleciron.  The  changes  m 
relative  intensities  of  the  two  peaks  in  the 
L2  spectra  of  the  Ce/Fe  multilayers  as  the 
Ce-layer  thickness  decreases  indicates  the 
presence  of  Ce  with  a-like  4f 
configuration  in  addition  to  y-like  Ce  with 
4f'  configuration.  The  most  obvious 
interpretation  is  to  assume  that  the  a-like 
Ce  atoms  are  located  in  the  interface 
region  and  the  y-like  ones  in  the  core  of 
the  Ce  layers. 

In  Fig.  2,  the  conventional  x-ray 
absorption  spectra  at  the  Fe  K  edge  of  a 
representative  Ce/Fe  multilayer,  Fe  metal 
and  CeFe2  are  compared. Obviously,  all 
features  of  the  bcc-F  are  reproduced  for  the 
multilayer  and  we  notice  the  difference  with 
the  ca.se  of  CeFe2. 


MCXD  signals  were  observed  at  both  the  L2,3  edges  of  Ce  (Fig.  3,  L2  edge)  and  the  K  edge 
of  Fe  (Fig.  4)  of  the  multilayers.  As  for  the  total  absorption  spectrum,  the  magnetic  absorption 
signal  at  the  Fe  K  edge  of  the  multilayers  is  a  clo.se  image  of  the  corresponding  signal  of  Fe 
metal.  It  is  remarkable  that  at  least  a  large  portion  of  the  Ce  atoms  in  these  multilayers  carry  an 
ordered  5d  magnetic  moment  at  room  temperature.  As  the  total  absorption  signal  at  the  Ce-L2  3 
edges,  the  MCXD  signal  consists  of  two  contributions  split  by  roughly  the  same  energy  in  both 
cases.  But  contrary  to  the  total  spectrum,  the  amplitude  ratio  of  the  two  lines  does  not  vary  with 
the  Ce-layer  thickness  tce  in  the  dichroic  spectrum,  in  spite  of  a  considerable  increase  of  the 
amplitudes  themselves  with  decreasing  tCefcompare  Figs.  3  and  1 ).  Amplitude  ratio,  splitting. 
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relative  line  widths  and  sign  (negative  for  L2  positive  for  Li)  i.e.  the  overall  structure  are  almost 
equal  to  the  MCXD  spectrum  of  the  a-Ce-like  compound  CeFes  well  below  us  Curie 
temperature  (T^  =230  K)1 13,161  .  It  can  he  concluded  then  that  only  a  like  Ce  atoms  carry  ihe 
ordered  magnetic  moment  reflected  in  the  MCXD  signal. 

To  obtain  an  estimate  of  the  amount  of  a  like  Ce,  we  apply  a  phenomenological 
analysis,  superposing  the  measured  spectra  of  Ce  metal  and  CeFei  The  result,  expressed  in 
partial  thickness  of  a-like  Ce  in  the  individual  Ce  layers,  is  show  n  m  Fig  5a.  The  data  approach 

saturation  value  for  the  a  like  Ce 
part  of  somewhat  below  30  A  for 
large  Ce-layer  thicknesses 
■According  to  ihe  results  of  ihc 
structural  investigations  reported 
above  which  exclude  diffusion!  Id], 
this  value  is  much  to  large  to  be 
attributed  to  a  chemical  effect  which 
mighl  resull  from  the  close 
proxiniily  of  Ce  and  Fe  at  the 
interface  Moreover  this  is  ruled  out 
by  the  results  we  gei  at  the  Fe 
Kedge.  We  suggest  that  Ce  near  the 
interface  adopts,  on  a  considerable 
length  scale,  the  a  like  electronic 
Fig  3:  Normalized  MCXD  spectra  at  Ihe  Ce-Li  edge  configuration  and  hence  a  smaller 
of  Ce/Fe  multilayers  ( Fe-layer  thickness  29  A.  atomic  volume!  1 7)  to  reduce  the 

misfit  and  strain  at  ihe  interfaces 

Indeed,  the  thicknesses  of  the 
individual  Ce  layers  in  the 
multilayers  under  study  determined 
from  small-angle  x-ray  diffraction 
are  significantly  smaller  than  the 
nominal  ones  calculated  from  the 
mass  coverage  of  the  quartz  crystal 
of  the  thickness  monitor  and  the 
density  of  crystalline  y-Ce  |I4!. 
This  IS  surprising  in  view  of  the 
amorphous  structure  of  the  Ce 
layers.  Apparenily.  the  decrease  in 
thickness  due  to  the  adoption  of  the 
a-like  slate  outweighs  the  increase 
which  should  result  from  the  lower 
density  of  the  amorphous  structure. 
An  important  effect  is  the  driving  of 
mechanism  for  the  magnetic  order 
in  the  Ce  layers  near  Ihe  interface. 

temperature. 

It  is  essential  to  point  out  that  the  MCXD  signal  does  not  originate  from  a  possible  Cc-Fe 
compound  or  alloy  at  the  interface,  in  spite  of  the  similarities  to  CeFe2  just  mentioned,  since  the 

intensity  varies  with  the  amount  of  a-like  Ce  in  the  multilayers,  for  a  fixed  thickness  of  the  Fe 
layers.Furthermore,  the  magnetic  ordering  temperatures  of  all  Ce-Fe  compounds  and  alloys 
known  are  far  below  room  temperature  [18)  ,  while  the  dichroism  at  the  Ce-L2,3  edges  is 
observed  at  room  temperature.  The  overall  intensity  of  the  signal  decrea,ses  with  the  thickness  of 
the  Ce  layers.  This  reveals  clearly  that  it  is  induced  by  the  Fe  layers.  Indeed,  measurements 
performed  down  to  4.2  K  demonstrate  that  the  integrated  MCXD  intensity  follows  rather  closely 
the  temperature  variation  of  the  average  bulk  magnetization  of  the  multilayers.  Fig.  5b  shows  the 


thickness  =4000  A  ) )  in  an  external  magnetic 
field  at  room  temperature. 


Fig.  4:  Normalized  MCXD  spectra  of  the  Fe-K  edge 
a  Ce/Fe  multilayer  (thickness  ~4000  A)  and  bcc  Fe 
metal  in  an  external  magnetic  field  of  0.5  T  at  room 


integrated  intensity  of  the  MCXD  spectrum  rel'eixed  to  the  a  like  part  of  the  individual  Ce  layers 
as  a  function  of  their  thickness  tCe.  faf  •Fe=  A.  A  constant  value  is  adopted  for  iCe 
somewhat  above  20  A. 

The  most  obvious  way  to  understand  this  result  is  to  interpret  the  Ce-layer  thickness  of  -  20 
A.  where  the  normalized  MCXD  data  merge  into  a  constant  value,  as  the  effective  thickness  of 
the  magnetically  polarized  Ce  atones  in  these  multilayers.  This  value  for  the  "magnetic  extension 
of  the  interface  (=10  A)  by  far  surpasses  the  above  mentioned  structural  irregulalions  due  to 
roughness,  which  were  determined  by  small-angle  x-ray  diffraclioni  14]  .  (We  recall  that  there  is 
no  diffusion). 

The  results  imply  that  the  Fe  layers 
induce,  via  a  3d-5d  exchange  interaction 
near  the  interface,  a  magnetic  polarization 
of  the  .“id  slates  of  the  a-like  Ce  atoms, 
which  extends  3  to  4  atomic  layers  into  the 
Ce  layers  on  each  side  of  the  interface 
The  pronounced  up  turn  of  the  normalized 
MCXD  intensity  for  the  multilayer 
Cel0A/Fe29A  displayed  in  Fig  .Sb  finds  a 
natural  explanation  in  that  for  this  sample 
the  thickness  of  the  Ce  layers  equals  the 
effective  magnetic  thickness  and  hence 
both  Fe  layers  neighbouring  a  Ce  layer 
contribute  to  its  magnetic  polarization. 

From  the  signs  of  the  MCXD 
signals,  which  are  identical  to  those  found 
in  CeFes,  we  can  conclude  that  there  is  an 
antiferromagnetic  coupling  between  the  3d 

moments  of  Fe  and  the  5d  moments  of  a- 
C«  Thicknms <A)  (Fe=29A)  jmerfaces  in  the 

multilayers. This  explains  the  considerable 
Fig.  .“i  a)  Partial  thickne.ss  of  a-like  (mixed-  reduction  of  the  bulk  magnetization  in  the 

valent)  Ce  near  the  interfaces  versus  multilayers  (only^TOff  of  the  value  of  the 

the  total  thickness  of  the  Ce  layers.  bulk  bcc  Fe.  almost  independent  of  the 

(upper  curve)  thickness  of  the  Ce  layers  (2j 

5b)  integrated  normalized  MCXD  intensity 
referred  to  the  contribution  of  a-like 
(mixed  valent)  Ce  as  a  function  of  the 
total  Ce-layer  thickness.! lower  curve) 

There  is  evidence  that,  quite  generally,  the  MCXD  intensity  at  the  L2.3  edges  of  a  rare  earth 
and  the  magnitude  of  the  5d  magnetic  moment  of  the  probed  atom  ate  linearly  related  in  a  rare- 
earth  intermetallic  compound,  if  the  4f  orbital  moment  is  quenched]  13).  The  ratio  of  the 
integrated  dichroic  L2  and  L3  intensities  equals  -2  in  these  systems,  which  is  con:monly  used  as 
their  fingerprint.  The  L2/L3branching  ratio  found  for  the  Ce/Fe  multilayers  is  close  to  this  value. 

A  similar  magnetic  polarization  of  a  paramagnetic  rare-earth  metal  near  the  interface  with  bcc 
Fe  in  a  layered  structure  has  been  observed  before,  on  a  comparable  length  scale,  for  Nd/Fe 
multilayers  by  MCXD  at  the  Nd  L2  (7)  edge  and  for  thin  Sm  overlayers  on  Fe(  100)  by  spin- 
resolved  4f  photoemis.sion(19].  The  Ce/Fe  system  discussed  here  is  unique  m  the  sense  that  Ce 
atoms  with  localized  as  well  as  itinerant  4f  states  are  present  in  the  layered  structure  and  that  only 
the  latter  ones  have  their  5d  states  magnetically  polarized. 

In  conclusion,  we  have  demonstrated  that  x-ray  absorption  spectroscopy  can  be  used  to  obtain 
information  on  the  interaction  between  Ce  and  Fe  at  the  interface  of  Ce/Fe  multilayers.  Ce 
adopts,  on  a  considerable  length  scale  near  the  interface  the  electronic  structure  of  the  x-phase 
which  is  characterized  by  delocalized  4f  slates.  It  can  be  derived  from  the  spin-resolved 
absorption  spectra  that,  on  a  large  portion  of  these  atoms.  Fe  induces  an  ordered  magnetic 
moment  of  5d  origin,  which  is  antiferrcmagnetically  coupled  to  the  Fe  moment.  The  spectra  are 
similar  to  the  ones  fo  CeFe2,  but  it  has  been  shown  previously  that  Ce  and  Fe  are  well  separated 
near  the  interfaces  of  the  multilayers.  Hence  the  compound  and  the  artificially  layered  structure 
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are  quite  different  systems. 
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ABSTRACT 


We  have  sputter-deposited  a  series  of  Pt/Co  multilayers  with  differing  amounts  of  rare- 
earth  (RE)  in  an  effort  to  improve  the  uniaxial  perpendicular  anisotropy  in  these  structures.  The 
present  work  investigates  the  influence  on  the  magnetic  properties  of  Tb  and  Ho  incorporated 
both  at  the  interfaces  of  Pt/Co  multilayers  and  into  the  Co  layers.  The  uniaxial  anisotropy 
improved  significantly  only  for  those  multilayers  that  showed  poor  perpendicular  anisotropy  in 
the  undoped  state,  in  particular,  those  with  large  (-30  A)  bilayer  periods.  High  resolution 
transmission  electron  microscopy  was  used  to  study  these  multilayers  in  cross-section.  The 
multilayer  structures  present  strong  (1 1 1]  texture  with  grain  sizes  ranging  from  200  to  600  A.  It 
is  found  that  the  RE  does  not  produce  a  significant  change  in  the  growth  texture  of  the 
multilayers  until  a  critical  amount  is  introduced  beyond  which  the  multilayer  structure 
amorphizes  resulting  in  a  compositionally  modulated  amorphous  film. 


INTRODUCTION 


Pt/Co  multilayer  thin  films  (with  the  (11 IJ  out-of-plane  crystallographic  orientation) 
present  maximum  Kerr  rotations  at  blue  range  wavelengths  of  the  order  of  0.5°  or  better 
depending  on  the  overall  composition  (1),  they  have  also  been  shown  to  display  large  magnetic 
coercivities  and  remanent  perpendicular  magnetization  of  about  100%  [1-6).  In  addition,  Pt  and 
Co  have  a  natural  tendency  to  deposit  onto  amorphous  substrates  with  a  1 1 11]  texture  under 
most  deposition  conditions.  Thus,  these  structures  are  good  candidates  for  use  as  high  density 
magneto-optic  recording  media.  The  most  promising  combination  of  properties  in  the  Pt/Co 
multilayer  structures  is  achieved  when  the  individual  Co  layer  thickness  is  about  2  monolayers 
(-4  A  for  closed-packed  planes)  and  the  Pt  layer  thicknesses  corresponding  to  5  to  7 
monolayers  (~  12  to  16  A)  [1-4].  Increasing  the  thickness  of  the  Co  layers,  and  maintaining  the 
same  Pt/Co  ratio,  results  in  a  gradual  decrease  of  the  perpendicular  magnetic  anisotropy  energy, 
^1’  Ku-2Jt  m2)  ]2]  where  Ku  is  the  uniaxial  crystal  anisotropy  and  M  is  the 

magnetization  in  the  film.  For  high  density  recording,  the  perpendicular  anisotropy  energy, 
becomes  increasingly  important  because  it  plays  a  crucial  role  in  the  stability  of  the 
magnetic  domains. 

Rare  earth-transition  metal  (RE-TM)  alloys  and  multilayers  are  known  to  display  large 
magnetic  anisotropy  [6-8].  A  giant  magnetostriction  effect  has  also  been  reported  in  these 
systems  ]8]  and  therefore  a  contribution  to  can  be  expected  from  this  effect  if  present.  In 
addition,  Tb  and  Ho  have  been  alloyed  with  Co  and  an  anti-parallel  alignment  of  magnetic 
moments  was  reported  [7).  In  a  previous  publication  ]9]  we  had  shown  that  the  introduction  of 
one  third  of  a  monolayer  of  Tb  or  Ho  at  the  interfaces  of  Pt/Co  multilayers  produced  an  increase 
in  the  perpendicular  anisotropy  only  when  the  corresponding  undoped  multilayers  displayed 
poor  perpendicular  anisotropy.  It  was  argued  then  that  no  conclusive  evidence  of  anti-parallel 
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alignment  had  been  found  in  these  systems  between  the  moments  of  the  Co  and  those  of  the  RE 
and  that  therefore  the  mechanism  by  which  this  improvement  in  anisotropy  was  taking  plate 
was  not  an  antiferromagnetic  coupling  as  bad  been  expected.  In  this  present  work,  we 
deposited  a  series  of  multilayers  with  a  larger  amount  of  RE  and  with  thicker  Co  layers  in  an 
effort  to  induce  coupling  between  the  CO  and  the  Tb. 


EXPERIMENTAL 


Co/Pt  multilayer  thin  films  were  produced  by  DC  magnetron  sputtering  in  argon  onto 
thermally  oxidized  silicon  substrates.  A  100  A  thick  Pt  underlayer  was  first  deposited  to  act  as 
a  seed  layer  for  the  subsequent  film.  The  underlayer  films  were  deposited  at  approximately  500 
°C  to  optimize  the  [1 1  llpi  out-of-plane  texture  with  the  multilayers  grown  at  room  temperature. 
The  resulting  structures  were  strongly  textured  (1 1 1 1 1)  multilayer  thin-films.  The  base  pressure 
in  the  deposition  chamber  was  2  x  10'®  Torr  employing  Ar  sputtering  pressures  of  1.5  and  .1 
mTorr.  Deposition  rates  were  on  the  order  of  0.5  A/s  and  the  samples  were  rotated  during  the 
deposition. 

Magnetic  characterization  was  done  with  a  vibrating  sample  magnetometer  (VSM),  a  torque 
magnetometer,  and  a  magneto-optic  Kerr  rotation  analyzer  operated  at  400  nm.  Structural 
characterization  was  performed  with  x-ray  diffraction  and  transmission  electron  microscopy 
(TEM)  techniques.  High  resolution  cross-section  transmission  electron  microscopy  (HRTEM) 
was  performed  in  a  Philips  430  TEM  operating  at  300  kV  with  a  point  resolution  of 
approximately  1.9A.  The  cross  section  TEM  samples  were  thinned  by  ion  milling  from  both 
sides  with  12°  incidence  angle  in  a  LN2  cooled  stage.  After  perforation,  a  low  angle  (-  5°),  low 
voltage  (2  kV)  milling  step  of  a  few  minutes  on  either  side  was  performed. 


RESULTS  AND  DISCUSSION 


Figure  1  shows  magnetization  hysteresis  (MH)  curves  for  two  multilayers  with  periods 
(12.2  A  Co,  18.1  A  Pt)i2  and  (6.1  A  Co,  2.9  A  Tb,  6.1  A  Co,  18.1  A  Pt)i2.  The  incorporation 
of  a  monolayer  of  Tb  (2.9  A)  within  the  Co  layers  is  seen  to  produce  an  improvement  in  the 
shape  of  the  loop.  Specifically,  the  saturation  magnetization  is  maintained  to  lower  magnitudes 
of  the  applied  field  and  an  increase  in  the  slope  dM./dH  at  He  is  noticed.  Torque  magnetometry 
indicates  a  value  of  0.4  x  lO*  erg/cc  for  the  anisotropy  energy  for  the  sample  in  (a).  This  rather 
low  value  of  is  in  agreement  with  those  reported  in  the  literature  which  show  a  transition 
from  in-plane  to  out-of-plane  magnetic  easy  axis,  i.e.,  a  change  from  negative  to  positive  values 
of  for  Co  thicknesses  of  about  12  A  llO).  The  perpendicular  magnetic  anisotropy  energy 
for  the  sample  in  Fig. lb  is  1.8  x  10*  erg/cc.  Thus,  a  four-fold  increase  in  fCj^  is  seen  to  occur 
with  the  Tb  addition.  Under  the  same  deposition  conditions,  multilayers  with  periods  (8.1  A 
Co,  18.1  A  Pt)i4  and  (4.1  A  Co,  2.9  A  Th,  4.1  A  Co,  18.1  A  Pl)i4  showed  no  significant 
difference  in  their  magnetic  anisotropy  energies.  For  these  two  films,  the  perpendicular 
anisotropy  energies,  were  approximately  2.7  and  2.4  x  10*  erg/cc  respectively.  These 
results  are  consistent  with  those  discussed  in  Ref.  9  where  it  was  observed  that  a  change  from 
in-plane  to  out-of-plane  magnetic  easy  axis  took  place  with  the  addition  of  one  third  of  a 
monolayer  of  Ho  or  Tb  at  the  Pt/Co  interfaces  but,  that  the  perpendicular  anisotropy  for  samples 
that  showed  good  out-of-plane  anisotropy  (e.i.,  those  with  thinner  Co  layers)  in  the  undoped 
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12"(12.2ACo.  18.1  a  R)  12*(6.iACo.  2.85ATb,6.lACo,  18  lAPt) 


figure  1:  Magnetization  hysteresis  loops  from  a  Pt/Co  and  a  Pt/CoATb/Co  muliilayer.  The  film 
in  b  has  one  monolayer  of  Tb  incorporated  within  the  Co  layers. 


state,  showed  no  improvement  with  the  RE  addition.  Evidence  for  antiferromagnetic  coupling 
of  Co  and  Tb  moments  is  absent  in  these  multilayers  as  well.  A  slight  decrease  in  the 
magnitude  of  the  saturation  magnetization  (Ms)  is  indeed  observed  with  the  RE  addition. 
However,  thisdecrease  in  Ms  can  be  explained  simply  by  the  fact  that  the  period  of  the 
multilayer  has  been  increased  by  an  amount  corresponding  to  the  thickness  of  the  RE 
introduced,  thus  causing  a  dilution  effect  similar  to  that  of  the  Pt  in  the  Pt/Co  multilayers:  in 
other  words,  by  assuming  that  the  moments  of  the  RE  are  not  polarized.  On  the  other  hand, 
magnetostriction  alone  cannot  explain  the  magnitude  of  the  increase  in  A  plausible 
explanation  for  the  increase  in  the  anisotropy  might  be  the  formation  of  new  interfaces  when  the 
Tb  is  deposited  within  the  thick  Co  layers,  or  an  interface  modification  effect,  when  the  RE  is 
deposited  at  the  Pt/Co  interfaces,  giving  rise  to  extra  anisotropy  through  the  symmetry  breaking 
effect  of  the  type  described  by  Ndel  (111. 

The  absence  of  magnetic  coupling  in  these  systems  is  in  contrast  to  the  findings  by  T. 
Shinjoet  al.  in  Fe-Dy  multilayers  (12,13),  and  Shan  et  al.  [14|  in  Co/Dy  multilayers  where  they 
report  strong  evidence  for  antiparallel  coupling  of  the  TM  and  RE  at  room  temperature  at  the 
TM/RE  interfaces.  Similarly,  FeCoTb  amorphous  alloys  also  show  strong  antiferromagnetic 
coupling.  The  Co-Tb  and  Co-Ho  systems  are  very  similar  to  Fe-Dy  from  both  a  chemical  and  a 
physical  point  of  view.  Therefore,  it  seems  reasonable  to  assume  that  magnetic  coupling  can  be 
induced  at  the  interfaces  in  these  multilayers  as  well.  Thus,  unless  magnetic  coupling  between 
the  Co  and  the  RE  is  induced  somehow,  this  approach  seems  non-feasible  for  increasing  the 
value  of  Kx  for  the  most  technologically  attractive  multilayers,  i.e.,  those  with  extremely  thin 
Co  layers. 

Cross-section  electron  microscopy  reveals  very  strong  [111]  textured  films.  It  also  shows 
that  the  grains  are  comparable  in  size  for  all  the  multilayers  studied  and  basically  determined  by 
the  grain  structure  of  the  Pt  underlayer.  Fig.  2  shows  a  high  resolution  TEM  (HRTEM) 
micrograph  of  a  Pt/Co  multilayer  with  Tb  doped  interfaces.  The  horizontal  fringes  correspond 
to  the  traces  of  the  closed  packed  planes  lying  in  the  plane  of  the  film.  A  significant  number  of 
stacking  faults  can  also  be  seen.  These  faults  can  be  expected  in  order  to  explain  the  presence 
of  Co  in  its  usual  hep  form.  However,  they  not  always  coincide  with  the  location  of  the  Co¬ 
rich  layers  and  are  frequently  seen  within  the  Pt  layers.  Careful  examination  of  this  and  other 
HRTEM  micrographs  suggest  that  most  of  the  Co  is  in  the  fee  form.  The  introduction  of  RE 
into  the  Pi/Co  multilayer  structure  does  not  seem  to  affect  the  growth  texture  of  the  multilayers. 
Fig.3a  shows  a  Pt/Co  multilayer  with  one  full  monolayer  deposited  at  one  of  the  Pt/Co 
interfaces  per  period.  The  RE  material  in  these  multilayers  cannot  be  resolved  in  the  TEM  even 
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Figure  2:  High  resolution  TEM  micrograph  from  a  (4.1  A  Co,  1  A  Tb,  15.9  A  Pi,  1  A  Tb)3o 
multilayer  showing  a  strongly  diffracting  grain  in  the  [01 1  )-type  zone  axis. 


when  a  full  monolayer  is  deposited.  This  is  probably  a  consequence  of  significant  intermixing 
taking  place  since  in  these  RE-TM  systems  the  TM  is  known  to  be  a  fast  diffuser.  When  an 
attempt  was  made  to  introduce  a  full  monolayer  of  Tb  at  each  Pi/Co  interface  in  a  (4. 1  A  Co, 
15.9  A  Pt)  multilayer,  the  whole  structure  un^rwem  a  solid  state  amoiphization  reaction.  The 
microstructure  from  this  multilayer  is  shown  in  Fig.  3b  where  a  compositionally  modulated 
amorphous  film  has  resulted.  Solid  state  reactions  are  to  be  expected  in  these  TM-RE  systems 
when  the  RE  is  incorporated  beyond  a  certain  critical  amount  [  15].  The  magnetic  coercivity  of 
this  film  was  approximately  90  Oe. 


SUMMARY  AND  CONCLUSIONS 


An  effort  was  made  to  improve  the  perpendicular  magnetic  anisotropy  in  Pt/Co  multilayers 
by  the  incorporation  of  RE  elements  into  the  layered  structure.  A  series  of  Pl/Co  multilayers 
were  deposited  with  differing  amounts  of  RE  at  the  interfaces  or  alternatively  within  the  Co 
layers.  No  evidence  of  antiferromagnetic  coupling  between  the  RE  and  the  Co  has  been  found 
in  these  structures  at  room  temperature.  However,  an  improvement  in  was  observed  with 
the  RE  addition  for  some  multilayer  structures.  This  improvement  was  only  seen  for  those 
multilayers  with  thicker  Co  layers  for  which  the  anisotropy  energy  is  expected  to  be  low  in  the 
undoped  state.  was  not  significantly  altered  for  the  multilayers  that  displayed  large 
magnetic  anisotropies  in  the  undoped  stale,  namely  those  with  thinner  Co  layers.  TEM 
observations  reveals  strong  [111]  textured  films  with  100%  crystalline  samples.  However, 
deposition  of  two  full  monolayers  of  Tb  in  a  20  A  period  Pt/Co  multilayer  resulted  in 
amoiphization  of  the  whole  structure  including  the  thicker  Pt  layers. 
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Figure  3:  HRTEM  micrographs  from  the  two  Pl/Tb/Co  multilayers,  a)  Micrograph  from  a 
(4.iACo,  2.9ATb,  15.9APt)  multilayer  showing  100%  crystalline  structure.  The  horizontal 
fringes  are  traces  of  the  (111)  planes  indicating  the  presence  of  strong  texture  in  the  Film,  b) 
Microstructure  from  a  (4.lACo,  2.9ATb,  15.9Apt,  2.9ATb)  multilayer  showing  a 
compositionally  modulated  amorphous  structure. 
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